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Energy related geo-systems involve a wide range of ngineering solutions from 
energy piles to energy geo-storage facilities and waste repositories (CO2, nuclear). The 
analysis and design of these systems require proper understanding of geo-materials, their 
properties and their response to extreme temperatur and high stress excitations, the 
implications of mixed-fluid conditions when contrasting fluid viscosities and densities are 
involved, the effect of static and cyclic coupled hydro-thermo-chemo-mechanical 
excitations, and rate effects on the response of long design-life facilities.  
This study places emphasis on thermal geo-systems and associated physical 
properties. Uncemented soils and rocks are considered. The research approach involves 
data compilation, experimental studies and analytical methods. Emphasis is also placed to 
engineer geomaterials in order to attain enhanced performance in energy geo-systems.  
The thermal conductivity and stiffness of most geomaterials decrease as 
temperature increases but increase with effective str ss. This macroscale response is 
intimately related to contact-scale conduction and deformation processes at interparticle 
contacts. Pore-filling liquids play a critical role in heat conduction as liquids provide 
efficient conduction paths that can diminish the effects of thermal contact resistance. 
Conversely, grains and fluids can be selected to attain very low thermal conductivity in 
order to create mechanically sound thermal barriers. In the case of rock masses, heat (and 
gas) recovery can be enhanced by injecting fluids at high pressure to cause hydraulic 
fractures. Scaled experiments reveal the physical meaning of hydraulic fractures in pre-
structured rocks (e.g., shale) and highlight the ext nsive self-propped dilational distortion 
the medium experiences. This result explains the higher production rate from shale gas 












 The world’s energy needs have increased significantly during the last two 
centuries (Figure 1.1). This trend is a consequence of the fast population growth and 
increased per capita demand. Conventional energy resou ces rely more than 85% on non-
renewable, CO2 emitting fossil fuels. Thus, we need to enhance current production 
methods and develop alternative energy resources. 
Environmental challenges related to fossil fuels center around the emission of 
greenhouse gases (CH4 and CO2), and ensuing global warming. Consequences include 
arctic ice melting, pH and ionic concentration changes in seawater, sea level rise and its 
effect on coastal infrastructure. 
The development of a sustainable system requires a d tailed reanalysis of our current 
carbon economics (petroleum, coal, natural gas, and heavy oil); properly designed CO2 
sequestration strategies and other energy-related waste disposal and field remediation); 








Figure 1.1. Global increase in population, energy consumption, CO2 emission, 
and temperature for the last two centuries (Fragaszy et al., 2011 - 
Data from United Nations, Agency of Natural Resources and 
Energy, and Climate Research Unit at University of East Anglia). 
 
Geotechnical engineers can play a central role in harnessing renewable energy 
sources (e.g., geothermal energy and wind turbine foundation design), energy storage 
(e.g., compressed air energy geo-storage), and energy waste disposal (e.g., CO2, fly ash, 
 3
and nuclear waste geological deposition). However, conditions encountered in these 
energy-related applications are different from classical geotechnical problems; for 
example (Terzaghi lecture, 2014): 
- Extreme temperatures: either low temperatures such as in the case of methane gas 
recovery from hydrate-bearing sediments (~4 ˚C) and liquified natural gas storage (-
162 ˚C), or high temperature as in thermal energy geo-storage (~500 ˚C) and deep 
geothermal energy reservoirs (~350 ˚C). 
- High overburden stresses, for example in deep geothermal reservoirs (>50 MPa). 
- Extreme pore fluid density and viscosity: very high in oil sands and very low in 
subcritical CO2 storage. 
- Mixed fluid conditions: CO2 sequestration, methane hydrate recovery, geothermal 
energy extraction, compressed air energy storage, oil rec very. 
- Repetitive mechanical, thermal, chemical and hydraulic loads such as cyclic 
humidity, temperature and hydraulic gradients in compressed air energy storage, 
deep geothermal energy recovery, cyclic thermal extraction of oil sands, and 
repetitive mechanical loads on the foundations for wind turbines. 
The proper design and operation of energy geo-systems r quires a comprehensive 
knowledge about geo-materials subjected to the extreme conditions noted above, as well 
as the potential development of engineered geo-materials to satisfy performance 
requirements in energy geo-systems. 
1.2. THESIS ORGANIZATION 
 The behavior of geomaterials subjected to extreme temperature and stress 
determine the long-term performance of energy geo-systems. Published data for thermal 
properties of geomaterials are compiled and interpreted in terms of underlying 
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phenomena in chapter 2. Physics-inspired models are proposed to capture the material 
response in terms of governing parameters. 
Chapters 3 and 4 explore the evolution of thermal conductivity and compressibility 
for several natural and artificial granular materials in order to engineer sediments with 
extreme thermal conductivity and good mechanical prope ties. Chapter 3 documents the 
effect of state of stress and the use of conductive metal coatings to treat sand particle 
surfaces. Other natural and artificial granular materi ls are tested. The evolution of their 
compressibility and thermal conductivity are presented and compared according to other 
properties. Physical models are proposed to predict the thermal conductivity and dry 
mass density evolution for each material with stres.  
The inter-particle coordination number determines hat conduction in dry granular 
materials. Dry granular mixtures made of different fractions of two different grain sizes 
of silica sand are tested to explore the effect of coordination in Chapter 4. The presence 
of liquids can increase the thermal conductivity of a soil specimen by one order of 
magnitude. Mechanisms responsible for heat transfer at solid-liquid interfaces are 
investigated in chapter 4 as well. Models are developed to predict the evolution of 
compressibility and thermal conductivity in both dry and water-saturated sediments. 
Chapters 5 and 6 focus on exploring some mechanical, thermal, and hydraulic 
properties of particular geo-materials that will hep more efficient extraction of oil and 
gas from soft sandstones and fractured shale formations. The temperature- and stress-
dependent compressibility, small strain stiffness, and thermal conductivity of oil sands 
from the Orinoco belt in Venezuela are investigated in Chapter 5. On the other hand, 
Chapter 6 documents a study designed to understand resource (water, gas, heat) recovery 
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from tight, fractured formations with low permeability that have been “hydraulically 
fractured” using high pressure viscous liquid injection. Emphasis is placed on the far-
field response of a pre-structured medium that has been subjected to an opening-mode 
discontinuity, and the role of its internal structure. Improvements in fluid conductivity are 
analyzed using mathematical/geometrical tools and experimental observations. 
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THERMAL CONDUCTIVITY OF GEOMATERIALS AT HIGH 
TEMPERATURE AND EFFECTIVE STRESS 
 
   
2.1. INTRODUCTION 
The geothermal gradient originates in radioactivity in the crust, tectonism and 
residual formation heat. The temperature gradient varies between 10 to 60 ˚C per km of 
depth in the continental crust (25-45 km), yet the geothermal gradient can exceed 60 
˚C/km in the thinner oceanic crust (5-8 km) (Hurter and Schellschmidt, 2003). Extreme 
and mean trends for temperature T [˚C] versus depth z [km] follow (Figure 2.1 - Schwab, 
1974; Seipold, 1995): 
32
ave z00964.0+z.79860-z53.36+17=T                (2.1) 
2
max z.06940-z5.17+17=T        (2.2) 
32
min z01929.0+z528.1-z56.55+17=T        (2.3) 
Because of the geothermal gradient, energy extraction or storage in deep 
geological formations require reservoir development a d operation at high temperature 
and high stress. For example, deep geothermal reservoirs are 5-10 km deep and 





















Figure 2.1. Geothermal gradient: temperature versus depth (Schwab, 1974). 
 
The properties of monomineralic rocks at high temperature and stress may be 
predicted from the mineral properties; however, crystals may form with different 
crystallographic orientation so that the global response may change with temperature and 
stress. This is clearly the case when polymineralic ro ks are subjected to high 
temperature and stress as differential thermal expansion and incompatible strains of 
various minerals create thermal cracks or increase the internal stresses depending on the 
boundary conditions. 
The thermal and mechanical properties of intact rocks at high temperature and 
high stress conditions are studied herein. Published data for several geothermal reservoirs 
around the world were reviewed to compile a database on the physical properties of 
common rock types. The database mostly contains: granite, sandstone, volcanic tuff, 
 8
quartzite, granodiorite, andesite, gneiss, quartz monzonite and rhyolite. Some other 
common rocks such as rock salt and shale were added for completness and in view of 
other potential applications such as thermal energy geo-storage, nuclear waste 
repositories, and shallow geothermal foundations. Itact rocks considered in this study 
may include randomly distributed intra- and inter-crystalline fissures.  
Physical grain-scale processes responsible for observed trends are suggested. 
thereafter, physically-inspired constitutive models are proposed to capture the material 
response in numerical simulations. 
2.2. THERMAL CONDUCTIVITY - CONCEPTS 
Conduction, convection and radiation are responsible for heat transfer in rocks. 
The other two phenomena are: convection and radiation. Convection prevails in fluids 
and it arises from mass density changes associated with increased temperature. 
Convection is negligible in geomaterials with small pore size or fracture aperture of 
d<0.6 mm (Thalmann, 1950; Woodside, 1958). Radiation d es not need a material 
medium to transfer heat, but it becomes relevant at high temperatures. That depends on 
the surface characteristics and emissivity. Radiative heat transfer is negligible up to 550 
˚C in granulite (Ray et al., 2008), 880 ˚C for a mafic granulite (Kukkonen et al., 1999). In 
summary, conduction is the dominant heat transfer process in intact rocks with small 
pores and micro-farctures subjected to temperatures less than 500 ˚C. 
The heat flux Q [J/s] per area A [m2] in a medium with thermal conductivity k 
[W.m-1.K-1] subjected to a temperature gradient ∂T/∂x [K/m] is (Fourier’s heat law): 
x∂
T∂
kA=Q                                                     (2.4) 
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2.2.1. Thermal Conductivity of Non-metallic Solids 
Heat is conducted by electrical carriers in metals (free electrons) and by lattice 
waves in non-metallic solid materials (phonons). Phonons are the fundamental mode of 
heat conduction in rocks. Atoms in crystals vibrate bout their equilibrium positions. The 
vibration amplitude increases with temperature and can propagate as a wave or phonon. 
The propagation velocity can be anisotropic due to crystallographic arrangement. 
Scattering causes energy loss. The extent of scattering determines the mean free path L 
[m], which is the distance when the energy of the wave is reduced to e-1 of its initial 
value. The atomic mean free path is L = 30 Ǻ for NaCl and L = 60 Ǻ for quartz at T = 0 
˚C (Tritt, 2004). 
The Thermal conductivity of a perfect isotropic crystal k [W.m-1.K-1] is a function 
of its lattice heat capacity CP [kJ.kg
-1.K-1], the group mean velocity of phonons V [m.s-1] 
(sound velocity), the mass density of crystal ρ [kg.m-3], and mean free path of phonons L 




=k P                                               (2.5) 
Heat transfer in hindered by phonons scattering at defects (crystal defects, grain 
boundaries, impurities) and from phonon collisions that affect the mean free path. The 
elastic wave velocity and mass density of minerals eflect similar processes that also 
affect their thermal conductivity. Dense minerals with higher stiffness such as quartz 
exhibit higher thermal conductivity than weaker minerals such as feldspars. Overall, the 
thermal conductivity increases from basic rocks (contain plagioclase feldspar, pyroxene, 
amphibole, olivine, kaolinite, and clays) to intermdiate rocks (contain andesite and 
feldspars) and to acidic rocks (quartz, orthoclase feldspar, felsite - Scorer, 1950). 
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2.3. THERMAL CONDUCTIVITY OF ROCKS  
The thermal conduction in fractured rocks takes place through the intact blocks, 
across the fracture plane and contact points, and along liquid-filled paths. Discontinuities 
between rock blocks add thermal resistance; hence, the thermal conductivity of fractured 
rocks is smaller than that of a continuous material. Heat conduction through fractured 
rock depends on its structure (fracture spacing and aperture), fracture thermal resistance 
(controlled by degree of cementation, degree of liquid-saturation, state of stress), thermal 
conductivity of components (mineral composition, pore-filling fluids) and temperature 
(Walsh and Decker, 1966). 
2.3.1. Thermal Conductivity of Rocks, Minerals, and Fluids – Ranges 
Tables 2.1 and 2.2 present values for mass density and thermal conductivity of 
common rocks and rock-forming minerals at room temprature and atmospheric pressure 
unless specified otherwise (Note: the heat capacity, thermal diffusivity and volumetric 
thermal expansion of rocks and rock-forming minerals are listed in Tables A-1 and A-2, 
Appendix A). If available, properties are reported in two directions: parallel and 
perpendicular to the crystallographic axis of rock-forming minerals, and parallel and 
perpendicular to bedding plane and fracture planes of rocks. It can be observed that 
minerals have a broad range of physical properties that reflects their atomic structure. In 
particular, quartz has a very high thermal conductivity k = 10 W.m-1.K-1 and a high 
coefficient of volumetric thermal expansion β = 31×10-6 ˚C-1. The thermal conductivity of 
rocks rich in quartz (felsic rocks) is higher than other rocks because of the high thermal 
conductivity of quartz compared to other rock-forming minerals. For example, quartzite 
with over 90% quartz content has a thermal conductivity k = 6 W.m-1.K-1 while most 
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other rocks with lower quartz content have a thermal conductivity between k=1.5 W.m-
1.K-1 and k=3.5 W.m-1.K-1. Rocks rich in magnesium and iron (ultramafic), such as basalt 
and gabbro, show lower thermal conductivities than those rich in quartz and alumina, 
such as granite. Rocks consist of various minerals and fabrics as a result of formation 
conditions: depth, temperature, availability of chemical species (Pribnow et al., 1996; 
Cho et al., 2009). 
Mono-minerallic salt rock (NaCl) with a very regular crystallographic structure 
explains its high thermal conductivity k = 5.5 W.m-1.K-1 compared to those that are a 
mixture of crystalline and amorphous minerals such as basalt, sandstone and Rhyolite 
that may contain some amorphous silica (opal). 
The thermal conductivity of solid grains ks [W.m
-1.K-1] can be estimated by the 
volumetric content of each mineral and their thermal conductivity using the geometric 
mean relationship (Table 2.3). Quartz k = 10 W.m-1.K-1 dominates and other components 
may be assigned an average value k = 2.85 W.m-1.K-1. Other averaging relationships 
(harmonic and arithmetic mean) were derived assuming a series or parallel configuration 
of the various mineral components (Table 2.3). These estimations work well for isotropic 
fine- and medium-grained rocks such as Rhyolite rather than coarse-grained rocks such as 
granite (Kukkonen and Lindberg, 1998). 
In general, thermal conductivity of rocks strongly correlates with their quartz 
content, but it does not correlate with their density because quartz has a high thermal 
conductivity, average: 7.7 W.m-1.K-1, but relatively low density, 2630 kg.m-3 (Kukkonen 
and Lindberg, 1998). 
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Table 2.1.  Selected properties of common rocks. 




k [W.m -1.˚C-1] 
Granite 
K-feldspar (Orthoclase): 50-20% 
Na-feldspar(Plagioclase): 15-20% 
Quartz: 20-30% 
Mica (muscovite/biotite): 10-20% 
Amphibole (hornblende) or 
Pyroxene: 5-10% 
Very common felsic (light color) - acidic, 
intrusive (coarse-grained), polycrystalline 
plutonic igneous rock. 
No bedding plane but broken by planar 
fractures parallel to the ground surface: 
joint sets 







Plutonic igneous rock 
Felsic  
2440-2860 2.2 (T = 50˚C) 
Albitite 
Mostly albite 
Some quartz, muscovite, garnet, 
apatite 
Plutonic (dike) igneous rock 
Coarse-grained 2609 2.0 (T = 50˚C) 
Pyroxenite Pyroxene: >95% 








Table 2.1.Continued. Selected properties of common rocks. 




k [W.m -1.˚C-1] 
Granodiorite 
K-feldspar (Orthoclase): 5-20% 
Na-feldspar(Plagioclase): 45-20% 
Quartz: 20-30% 
Mica (muscovite/biotite): 20-10% 
Amphibole (hornblende): 10-20% 
Plutonic igneous rock. 
Intermediate (between felsic and mafic). 
Intrusive (coarse-grained). 2530-2940 2.5-2.8 
Gabbro 




Plutonic igneous rock 
Mafic (dark-color) - basic 
Intrusive (coarse-grained) 
Also called “black granite” 
2260-3340 2.1-2.6 





Plutonic igneous rock 
Ultramafic or ultrabasic 3253-3269 
2.8 
4.18-4.77 (T=50˚C) 
Serpentinite Serpentine: >90% 
Plutonic igneous rock 







Some biotite and hornblende 
Plutonic igneous rock 
intermediate 2637 2.92 (T=50˚C) 
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Table 2.1.Continued. Selected properties of common rocks. 




k [W.m -1.˚C-1] 
Anorthosite 
Plagioclase feldspar: >90% 
Pyroxene, Olivine, Magnetite 
Plutonic igneous rock 
Acidic 
2704-2740 1.69-1.88 (T=50˚C) 
Diorite 
K-feldspar (Orthoclase): 0-5% 
Ca-feldspar(Plagioclase): 45-65% 
Quartz: 20-0% 
Mica (muscovite/biotite): 15-5% 
Amphibole (hornblende): 20-25% 
Plutonic igneous rock. 
Intermediate (between felsic and mafic). 
Intrusive (coarse-grained). 2430-3160 2.2-2.5 
Andesite Similar to Diorite 
Volcanic igneous rock 
Extrusive (fine-grained)  
Intermediate 
1560-2990 1.9-2.3 
Rhyolite Similar to Granite 
Volcanic igneous rock. 
Acidic  
The extrusive (fine-grained) equivalent to 
Granite. Vesicular (isolated pores) 
1360-2740 1 (T=300˚C) 
Basalt 
Similar to Gabbro. Ca-feldspar: 
labradorite; clinopyroxene: augite; 
iron ore: titaniferous magnetite; Some 
olivine, quartz, hornblende, 
nepheline, orthopyroxene, opal 
Volcanic igneous rock, Basic  
Bimodal crystal size (porphyritic texture): 
fine-grained crystals and phenocrysts 
(much larger than the background), 
pervious. equivalent to Gabbro 
1780-3060 1.7-2.1 
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Table 2.1.Continued. Selected properties of common rocks. 




k [W.m -1.˚C-1] 
Tuff 
Variable (may contain all types of 
silicate minerals)  
Consolidated volcanic ash.  
Analogous to sandstone 
Product of explosive volcanic eruptions 














Other minerals: 2% 
Organic matter: 1% 
Clastic sedimentary rock 
lithified mud (mostly clay and some silt) 
1610-2730 1.3 – 1.7 
Siltstone 
 Clastic sedimentary rock 
Mostly silt and some clay 
1360-2880 2.2 
Gypsum CaSO4.2(H2O) Chemical sedimentary (evaporite) 1249 0.43 
Rock salt Halite NaCl Chemical sedimentary (evaporite) 2100-2200 5.3-5.5 
Anhydrite Mostly Anhydrite (CaSO4) 





Carbonates (calcite or dolomite): 
>50% 






Table 2.1.Continued. Selected properties of common rocks. 




k [W.m -1.˚C-1] 
Dolomite 
Mostly calcium-magnesium 
carbonate (dolomite) CaMg[CO3]2 
Chemical sedimentary rock 
Dolomitic limestone (limestone treated 




Coal quartz, pyrite, calcite, dolomite, 
siderite, and ankerite 








Coarse-grained, hard, foliated 
Formed deep beneath mountains 
1830-3150 
2.4-3.1 
3.4 (∥)-2.5 (⊥) 
2.93 (∥)-2.08 (⊥) 
(T=50˚C) 
Marble Calcium carbonate: 90% 
Metamorphosed (recrystallized) carbonate 
rock (limestone, dolomite) but denser, No 
foliation 
2510-3140 2.6-3.1 
Quartzite Quartz: 90% Metamorphosed sandstone 2490-78  5.0-6.3 
Schist 
highly variable composition 
May contain chlorite, amphibole and 
talc 
Strongly foliated metamorphic 
metamorphosed shale with over-growth of 
new minerals from clay 
Rich in platy or elongated minerals like 
mica (schistocity: mica plates lie parallel to 
the foliation plane). 
2120-3190 2.55 
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Table 2.1.Continued. Selected properties of common rocks. 




k [W.m -1.˚C-1] 
Amphibolite 
Mostly amphiboles (hornblende) and 
Plagioclase feldspars 
May also contain little: Garnet 
(almandine), pyroxene, biotite, 




Metamorphosed mafic igneous rocks 
(basalt & gabbro) or clay-rich sedimentary 
rocks (greywacke & marl 
2630-3140 2.3 
Slate Mica (chlorite, moscuvite, biotite) 
Low grade foliated metamorphic rock 
(formed at low T and P) 
Metamorphosed shale, mudstone or 
sometimes basalt 
Fine-grained, hard, durable, impervious 
2763 1.84 (T=50˚C) 
Granulite 
Mostly feldspar 
Some quartz and ferromagnesian 
minerals 
High grade non-foliated metamorphic rock 
(formed at high T and mid P) 
Medium- to coarse-grained 
2530-3000 2.69-2.81 
Sources: Birch and Clark, 1940a; Birch et al., 1942; Shaw and Weaver, 1965; Kappelmeyer and Haenel, 1974; Kjorholt et al., 1992; 
Somerton, 1992; Poelchau et al., 1997; Sharma, 1997; Kukkonen and Lindberg, 1998; Scharli and Rybach, 2001; Cote and Konrad, 
2005a; ASHRAE, 2009; Nabelek et al., 2010; Eppelbaum et al., 2014; www.britanica.com; www.engineeringtoolbox.com; 
www.rocscience.com. 
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Thermal conductivity  




Quartz SiO2 2630-2650 7 
Crystalline: 7.7 
Single crystal: 12.0(∥)–6.8(⊥) 












Albite NaAlSi3O8: 2.24  
Oligoclase: 1.92 
Bytownite: 1.56 








2890 6.5 (Chloritoid) 4.91 
Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 3100 2.5-3 2.34
 
Serpentine 2520 - 
2.95  
(Antigorite Mg3Si2O5(OH)4) 
Kaolinite Al2SiO2O5(OH)4 - - - 
 19






Thermal conductivity  







5-6 Hornblende: 3.08 
Augite Syenite 
(Ca,Na)(Mg,Fe,Al)(Si,Al)2O6 




6.66 (Jadeite NaAlSi2O6) 
3.82 (Augite XY(Z2O6)) 
Disilicates 
(Sorosilicates) 
Epidote Ca2(Al,Fe)Al2O(SiO4)(Si2O7)(OH) 3450 7 2.62
 
Nepheline 2600 6 1.73 
Orthosilicates 




Olivines 3320 6.5-7 
5.15 (Forsterite Mg2SiO4),  
3.16 (Fayalite Fe2SiO4) 
Zircon ZrSiO4 4650 7.5 4.54 
Garnets (Pyrope Mg3Al 2(SiO4)3) 3617 - 3.09 (Andradite), 5.64 (Grossularite) 
Sillimanite Al2SiO5 3240 7 9.09 
Carbonates 
Calcite CaCO3 2660-3120 2-5 3.59 
Dolomite CaMg(CO3)2 - - 5.51 
Magnesite MgCO3 - - 5.83 
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Thermal conductivity  
k [W.m -1.˚C-1] 
Sulfates 
Gypsum (hydrous) CaSO4.2H2O - - - 
Anhydrite (anhydrous) CaSO4 - - - 
Oxides 
Magnetite Fe3O4 5145 - 3.7 (T=80˚C) 
Hematite Fe2O3 5143 - 6.1 (T=80˚C) 
Halides 
Halite NaCl 2170-2180 2.5 5.4 
Fluorite CaF2 3130 4 9.71 
Sulfides 
Pyrite FeS2 4915 - 19.20 
Chalcopyrite CuFeS2 4089 - 8.20 
Sphalerite ZnS 4050-4103 3.5-4 12.72 
Sources: Birch and Clark, 1940a; Birch and Clark, 1940b; Sass, 1965; Horai and Simmons, 1969; Horai, 1971; Molgaard and 







Table 2.3. Models for thermal conductivity of rocks with respct to other paramaters. 












conductivity of mineral j 
xj: volumetric fraction of mineral 
j 
Geometric mean  
)Q-1(Q
s 85.2×7.7=k  
kmQ=7.7 W.m
-1.K-1: thermal 
conductivity of mineral quartz 
kmO=2.85 W.m
-1.K-1: thermal 
conductivity of other minerals 
Q: volumetric quartz content 










 Second approximate geometric 
mean 
Johansen, 1975 
)Q-1(85.2+Q7.7=ks  Defined above Arithmetic mean 











Defined above Harmonic mean 








)n-1(10×65.2=ρ 3-  
49- )n-1(10×16.5=k  
k [W.m-1.K-1]: thermal 
conductivity of rock 
ρ [kg.m-3]: bulk mass density 
n: porosity 
For sandstones Anand, 1973 
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Table 2.3.Continued Models for thermal conductivity of intact rocks with respect to other paramaters. 









F: formation electrical resistivity 
factor 
n: porosity 










UCS [Pa]: uniaxial compression 
strength 
VP [km.s
-1]: P-wave velocity 




n k.k=k l  
 Geometric mean  
sk)n-1(+nk=k l   Arithmetic mean 













 Harmonic mean 




























Fluids. Common pore fluids have lower thermal conductivity than minerals 
(Compare values in Tables 2.2 and 2.4). Therefore, r cks with lower porosity have higher 
thermal conductivity. Thus porosity is often selected as a control parameter (Somerton, 
1992). 
Heat conduction takes place through liquid-filled pores adds to other heat transfer 
phenomena. Furthermore, the presence of liquids reduces the thermal resistance in 
fractures. For example, there is a 4 – to – 8 times increase in the thermal conductivity of 
an uncemented sand specimen (Chapter 4) and 50% increase in the thermal conductivity 
of a low porosity sandstone upon saturation with water (SOMERTON, 1992). 
Relationships between the thermal conductivity and indicator parameters of spatial state 
of rocks and pore fluids are given in Table 2.4. 
2.4. TEMPERATURE EFFECTS 
Rocks and rock forming minerals melt at temperatures above ~1000 ˚C (Yoder, 
1976; Best, 1982; Hall, 1996; Hewins et al., 1996; Del Gaudio et al., 2009), which is 
beyond relevant temperatures being considered in energy geo-systems. 
Other phase transitions are encountered at lower temperatures. For example, 
serpentinization of olivine minerals in Dunite rocks takes place at T = 400 ˚C, the α-β 
transition point for quartz is at T = 573 ˚C, feldspar converts to sericite and kaolinite at 
T=330 ˚C (Birch, 1961; Eggleton and Banfield, 1985; Pilchin and Eppelbaum, 1997). 
Most clay minerals decompose in the 400-700 ˚C range, and calcite decomposes in the 
700-830 ˚C (Tian et al., 2012). These transition temp ratures are higher than 















Air 1.2 0.024 1.005 1.8×10-4 
CO2 gas 1.842 0.0146 0.837 7.03×10
-5 
Methane gas 0.717 0.030 2.177 1.03×10-5 











Water 998 0.56 – 0.60 4.186 0.001 
Light crude oil < 870 0.12-0.15  0.006 
Heavy oil 920 - 1000 0.14  0.01 – 0.1 
Bitumen > 1000 0.17  10 – 104 
Methane hydrate 929 (T= -10 ˚C) 0.575  - 
Ice 921 2.2 (T=0˚C) 2.038 2×1013 
Molten NaCl 1490 0.3 1.44  
Sources: OZBEK AND PHILLIPS, 1979; SOMERTON, 1992; HUANG AND FAN, 2005; ASHRAE, 2009; 




There are still changes in properties at lower tempratures than thermal 
decomposition point. For example, the thermal expansion starts as soon as the 
temperature gradient is imposed, and it increases with increasing T (Appendix A, Figure 
A-3) depending on micro- and macro-structure of geomaterials, the thermal expansion of 
the discrete constituents may create micro-cracks or close the pre-existing discontinuities. 
Consequently, two geomaterials with similar mineralogy can show two opposite 
responses to temperature rise.  
Moreover, different thermal expansion of different mineral grains (in poly-mineralic 
rocks), crystals with different orientations (in poly- and mono-mineralic rocks), and that 
of grains and pore fluid(s) can result variety of mechanical, hydraulic and thermal 
responses of the whole medium subjected to coupled rocesses. These may exert 
tremendous amount of stress on boundaries or cause trem ndous amount of deformations 
depending on the governing initial and boundary conditions. Any change that alters the 
state of effective stress and contact resistance between discrete constituents will influence 
the thermal conductivity of the medium significantly. A micro-scale investigation of 
responsible phenomena in various rock-forming minerals and in rocks as a composite of 
these materials follows. 
2.4.1. Thermal Conductivity of Crystalline Materials vs. Temperature 
In non-metallic crystalline solids, energy carrying phonons are scattered not only 
by interaction with each other but also by presence of impurities and other irregularities 
in crystal structure or large-scale lattice interruptions such as grain boundaries. Mean free 
path and consequently thermal conductivity of the crystal decreases by scattering by any 
of these sources of phonon scattering (Makinson, 1938). Each of phonon scattering 
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phenomena becomes relevant at different temperatures for various materials. 
Experimental studies show that for crystals, mean free path sharply decreases due to 
phonon scattering as the temperature and amplitude of lattice vibrations increase (Tritt, 
2004). 
However, the elastic wave velocity and heat capacity do not change much; thus, 
based on Equation 2.5 the thermal conductivity decreases with increasing temperature for 
T > TD (Debye temperature, beyond which the heat capacity remains almost constant). 
When the temperature decreases, the mean free path increases until the heat carrying 
lattice waves get scattered by the boundaries while t e elastic wave velocity remains 
almost constant and the heat capacity decreases. Th resultant trend is decreasing thermal 
conductivity with decreasing temperature. The peak for thermal conductivity of a 
crystalline solid usually occurs at temperature about TD/10. TD for silicate minerals is 
ranged between 210 ˚C for muscovite and 910 ˚C for quartz (Robie, 1988). Even small 
amounts of impurities in a crystal lowers the mean free path of phonons by adding 
additional scattering spots while they do not influence the mass density, heat capacity and 
elastic wave velocity of the material significantly. Therefore, impurities affect the 
thermal conductivity of a material at low temperatues more, at which the mean free path 
would be limited by boundaries otherwise (Tritt, 2004). The thermal resistivity (inverse 
of the thermal conductivity) of crystalline materials increases linearly with temperature 
(Birch and Clark, 1940a). This relationship is stronger up to 300 ˚C for rocks (Blesch et 
al., 1983). Figure 2.2 shows the variation of thermal conductivity of quartz, calcite and 




























Temperature T [˚C]  
Figure 2.2. Thermal conductivity of quartz, calcite and halite minerals versus 
temperature (Birch and Clark, 1940a). 
 
2.4.2. Thermal Conductivity of Amorphous Materials vs. Temperature 
For amorphous materials with lower thermal conductivity than their equivalent 
crystalline analogies, the thermal conductivity increases with increasing temperature. For 
example, the thermal conductivity of a single crystal of quartz is about 10 W.m-1.K-1 in 
average at room temperature, but that of amorphous SiO2 (opal) is about 1 W.m
-1.K-1 
(Eucken, 1911). The mean free path of phonons and mass density hardly change in 
glasses (the same order of magnitude of the scale of disorder or the average random inter-
atomic distance in the structure of glass material, ~7 Å) with temperature and the elastic 
wave velocity remains constant; therefore, the thermal conductivity follows the variation 
of heat capacity with changing temperature in amorph us materials (Kittel, 1949). The 
universal temperature-dependency of amorphous materials shows increase in heat 
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capacity and thermal conductivity for temperatures above -253 ˚C (20 K) (Cahill and 
Pohl, 1988).  
2.4.3. Thermal Conductivity of Rocks vs. Temperature 
The thermal conductivity of crystalline minerals and hard rocks with high initial 
thermal conductivity (room temperature and atmospheric pressure) decreases with 
temperature (Ratcliffe, 1959; Powell et al., 1966; Horai and Susaki, 1989; Abdulagatov et 
al., 2006). In average, the thermal conductivity of these materials decreases to 40-50% of 
its original value when the temperature increases from 20 to 1000 ˚C (Clauser, 2009; 
Miao et al., 2014). Data show that the higher is the initial thermal conductivity, the higher 
is its decrease with temperature rise. Felsic rocks ( ontain feldspars and quartz), such as 
granite, have a high thermal conductivity (ko=4 W.m
-1.K-1), and its decrease with 
increasing temperature is greater than mafic rocks ( ontain magnesium and iron) such as 
anorthosite, basalt, diabase and gabbro, which havelow r initial thermal conductivity 
(ko=1.8-2 W.m
-1.K-1). The thermal conductivity of Quartzite (ko=5.6 W.m
-1.K-1) may 
decrease as much as 200% with 500 ˚C increase in temperature (Clauser, 2009). Overall, 
the following percentages have been reported for decline in thermal conductivity of 
various types of rocks: 37% for igneous rocks, 46% for metamorphic rocks and 42% for 
sedimentary rocks with 300 degrees increase in temperature (Vosteen and Schellschmidt, 
2003). However, the thermal conductivity of rocks containing a mixture of crystalline and 
amorphous minerals (mineraloids) increases slightly with increasing temperature (Birch 
and Clark, 1940b). A rule of thumb has been suggested that in general, the thermal 
conductivity of materials with k>2 W.m-1.K-1 at room temperature decreases with 
increasing temperature and thermal conductivity of materials with k<2 W.m-1.K-1 at room 
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temperature increases with increasing temperature (Anand, 1973; Lee and Deming, 
1998). 
2.4.4. Compiled Data and Proposed Models 
Variation of the thermal conductivity of various rocks versus temperature is 
shown in Figure 2.2. Table 2.5 presents the models proposed in the literature to predict 
the thermal conductivity of rocks with respect to temperature. 
Data show that the rise in the thermal conductivity with temperature occurs only 
for few rocks including anorthosite (k50˚C=1.7-1.9 W.m
-1.K-1), shale (k20˚C=1.3-1.7 W.m
-
1.K-1), gabbro (k20˚C=2.1-2.6 W.m
-1.K-1), and diabase (k50˚C=2.1-2.5 W.m
-1.K-1) with 34% 
increase in 450 degrees temperature rise (50-500 ˚C) for shale as the highest change and 
1.3% increase in 400 degrease temperature rise (0-400 ˚C) for gabbro as the lowest 
change (2.1% for diabase and 6.2% for anorthosite). Note that this group is not limited to 
soft, clastic sedimentary rocks, it contains rocks that have a low quartz content, and all 










































Figure 2.3. Thermal conductivity of various intact rocks versus temperature (Birch and Clark, 1940a; Durham and 
Abey, 1981b; Seipold, 1998; Vosteen and Schellschmidt, 2003; Abdulagatov et al., 2006; Mottaghy et al., 
2008; Abdulagatova et al., 2009; Abdulagatova et al., 2010; Alishaev et al., 2012; Miao et al., 2014). 
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Table 2.5. Models for thermal conductivity of intact rocks with respect to temperature. 
Equation Parameters Notes References 
AT+k=)T(k o  T [˚C]: temperature 
ko [W.m
-1.K-1]: thermal 
conductivity at room 
temperature 
For porous and soft rocks Kukkonen et al., 1999; 
Abdulagatov et al., 2006; 
Clauser and Huenges, 2013 
( ) 1-dT+c=)T(k  c [m.K.W
-1]: thermal 
resistance at T = 0 K 
d [m.W-1]: rate of increase in 
thermal resistance with 
increasing temperature  
T [K] 
Most types of rocks Birch and Clark, 1940a; 
Blesch et al., 1983; Seipold, 
1995; Miao et al., 2014 
1-
o )T001.0+1(k=)T(k  
ko [W.m
-1.K-1]: thermal 
conductivity at 0 ˚C 
T [˚C] 
Most types of rocks Cermak and Rybach, 1982 
1-)T+350(B+A=)T(k  A [W.m
-1.K-1] and B [W.m-1]: 
fitting parameters 
Most types of rocks Haenel et al., 1988 
1-
20 )]20-T(0005.0+1[k=)T(k  
k20 [W.m
-1.K-1]: thermal 
conductivity at 20 ˚C 
T [˚C] 














conductivity at 0 ˚C 
k25 [W.m
-1.K-1]: thermal 
conductivity at 25 ˚C 
T [˚C] 
For rocks with k > 2 W.m-1.K-




increase in k with T, and for 
ko=2 W.m
-1.K-1, remains 
constant k(T)=ko.  
Sass et al., 1992 
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Table 2.5.Continued Models for thermal conductivity of intact rocks with respect to temperature. 






Most of rocks for 













conductivity at 20 ˚C 
T [K] 






k=)T(k 20  
k20 [W.m
-1.K-1]: thermal 
conductivity at 20 ˚C 
T [˚C] 

















conductivity at room 
temperature 
Tr [K]: room temperature 
T [K] 




F [m.K.W-1]: fitting parameter Most of rocks for 
























a and b: fitting parameters 
ko [W.m
-1.K-1]: thermal 
conductivity at room 
temperature T [˚C] 




Data show that the thermal conductivity of gabbro, diabase, and anorthosite may 
also decrease slightly with temperature that may be associated to different initial spatial 
state or the uncertainty of experimental apparatus. However, the amount of increase in 
thermal conductivity of shale is large, and the responsible phenomenon for this increase 
is its layered structure. Minerals expand upon heating and they fill the gaps between 
layers. This increases the number and area of contat between mineral grains and 
provides larger heat pathways. The trend for shale is linear with the following 
relationship: 
T0006.088.0)T(k +=   For shale                         (2.6) 
Figure 2.4.a shows the physical process taking place in an idealized model of 
layered philosilicate minerals in shale. Compiled data in this study show that the thermal 
conductivity decreases 1% for Diabase (Westfield) and 66% for halite (rock salt) with 
400 degrees increase in temperature (0-400 ˚C) as the highest and lowest changes. 
Decreasing trends include rocks from all types with thermal conductivities ko>2 W.m
-1.K-
1. However, there are several recognizable categories.  
The thermal conductivity of the first group decreases less than 25 percent with a 
500 degree temperature rise. Rocks in this group have a low quartz content, initial 
thermal conductivities around 2 W.m-1.K-1, and some have a weathered macro structure 
such as: gabbro, diabase, albitite, syenite, soft limestone, soft sandstone, soft pyroxenite 
(with low ko), gneiss, weathered granulite and weathered slate (wi h low ko). Some of 
these rocks may even show increase in their thermal conductivities as mentioned above 
(diabase and gabbro) depending on the fabric they have developed in different 
environments so that they are on the transitional boundary. The following linear 
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relationship is proposed to predict the thermal conductivity of these rocks with 
temperature T [˚C]: 
T0013.0-k=)T(k o       For 1.9 W.m
-1.K-1 <ko< 2.5 W.m
-1.K-1, and Q<0.2         (2.7) 
Equation 2.7 is restricted by two criteria, and both f them have to be satisfied. 
These criteria highlight two important factors: suppressed overwhelming effect of quartz 
content and sufficiently soft (open, discontinuous, discrete) structure that the thermal 
expansion of components and generation of inter-particle/crystal cracks does not decrease 
the thermal conductivity significantly. For example Equation (2.7) cannot predict the 
thermal conductivity of hard pyroxenite that mostly contains pyroxene (>95%) and dunite 
that mostly contains Olivine (>90%), although they do contain less than 20% quartz, 
because they can have initial thermal conductivity ko = 3.7-4.7 W.m
-1.K-1 that means they 
have a tight structure (Birch and Clark, 1940a; Seipold, 1998). Other potential candidates 
to fit in this group are basalt, serpentinite, siltstone, gypsum, coal, and schist with Q<0.1 
and ko<2 W.m
-1.K-1, but there are no data available at this time for their thermal 
conductivity versus temperature.  
Chemical and physical alteration of rock mineral comp sition and macro-
structure differentiates rocks from the same origin from being in the same group. For 
example, dolomite is a limestone being treated in amagnesium-rich environment. This 
process improves the heat transfer characteristics of limestone so that the initial thermal 
conductivity of dolomite is higher than that of limestone and its temperature dependency 
does not follow the same trend. Marble is a limestone or dolomite treated at high 
temperature and high pressure for long time in the nature (metamorphosed). The process 
of recrystallization of limestone/dolomite, originally with 50% calcite, excludes all the 
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impurities and Marble with over 95% calcite is formed. Hence, its initial and 
temperature-dependency of thermal conductivity is totally different than those two rocks 
that it originated from so that it behaves similar to felsic rocks. The other example is 
anhydrite that is dehydrated gypsum. Initial thermal conductivity of anhydrite is close to 
that of felsic rocks. Data is not available to examine its temperature-dependent response, 
but it is postulated to decrease more than gypsum under the same temperature rise.  
The thermal conductivity of the third group decreases nonlinearly about 60% with 
a 400 ˚C temperature rise. Rock salt is in this group. Its initial thermal conductivity at 
room temperature is ~7 W.m-1.K-1. The very regular and hard crystalline structure of 
sodium chloride and the high purity of this rock lead it to follow the behavior of its single 
mineral. Figure 2.2 shows the thermal conductivity of quartz, halite and calcite versus 
temperature. The thermal resistivity of rock salt increases linearly with temperature as 
follows: 
1-
o)k+T0008.0(=)T(k     For rock salt         (2.8) 
The thermal conductivity of the middle group decreases between 25-40%. This 
group contains rocks from all types, and they all hve thermal conductivities higher than 
2 W.m-1.K-1 and lower than 5.5 W.m-1.K-1. Based on the compiled data in this study, this 
group includes: granites, granodiorite, quartz monzonite, quartzitic hard sandstone, hard 
limestone, hard dolomite, marble and quartzite. In order to identify the responsible 
processes that cause decrease in thermal conductivity of these rocks, we can 
subcategorize them into (1) polymineralic felsic rocks such as granite, granodiorite, 
quartz monzonite that were formed by crystallization from a melt; (2) almost mono-
mineralic mostly containing quartz or carbonate minerals such as quartzitic sandstone, 
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limestone and dolomite that were formed by sedimentation or chemical reactions in wet 
environment and subjected to high overburden stresses to consolidate extensively or such 
as marble and quartzite that have experienced extreme chemical, mechanical and thermal 
treatments to convert to very hard and impervious rcks. 
Physical models to explain the processes involved in heat transfer upon 
temperature rise in these rocks are shown in Figure 2.5. The differential thermal 
expansion of different minerals in poly-mineralic rocks and randomly oriented crystals in 
mono-mineralic rocks opens micro-cracks between the mineral grains and crystals that 
adds a significant thermal resistance to the medium. The coefficient of volumetric 
thermal expansion of some rock-forming minerals are list d in Table A-2. Note that the 
thermal expansion of quartz is the highest among other common minerals (β=31×10-6 ˚C-
1 at T=60 ˚C) and it increases with temperature (Figure A-3). This explains why the 
amount of decrease in thermal conductivity of rocks with high quartz content is higher 
than that for basic and ultrabasic rocks. The relationship proposed by Sekiguchi et al. 
(1984) fits the data well by only providing the room temperature Tr [K] and thermal 
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Figure 2.4. Physical model for initial (at room temperature-left) and final (at 
elevated temperature- right) configurations of (a) Shale with layered 
structure (both micro and macro). Philosilicate minerals are platy 
and they arrange in a preferred orientation that causes a layered 
structure for the whole medium. There are micro andmacro crack 
between minerals and layers. Mineral grains expand upon heating 
and fill the gaps between layers so that thermal conductivity 
increases with temperature. (b) Poly-mineralic rocks consist of 
various minerals with different physical properties. The differential 
thermal expansion of mineral grains generates inter-particle/crystal 
cracks that add thermal resistance to the medium and thermal 
conductivity decreases with temperature. (c) Mono-mineralic rocks 
consist of randomly oriented crystals. The differential thermal 
expansion of crystals along different axes causes micro-cracks 
between them and the thermal conductivity decreases upon heating. 
 











The thermal conductivity change versus temperature was discussed for dry intact 
rocks. The thermal conductivity of fluids also changes with temperature. Figure 2.6 
shows the variation of thermal conductivity of water, air and steam with temperature. The 
thermal conductivity of a water (or brine)-saturated rock can be significantly higher than 
that of the same rock at dry condition. This enhancement may cause a transition in the 
response of a soft rock. For example an anorthosite rock that shows slight increase in 
thermal conductivity with temperature when it is dry; it may show decrease if it is 
subjected to the temperature rise in water-saturated condition. 
2.5. STRESS EFFECTS 
Thermal conductivity of geomaterials with contractive behavior increases with 
increasing effective stress because of closure of discontinuities and improvement of grain 
contacts. Variation of thermal conductivity of rocks with increasing effective stress 
depends on their initial porosity, micro-cracks and fractures, the state of stress, and the 
elastic properties of rock skeleton. Thermal conductivity of porous and soft rocks is more 
effective stress-sensitive than that of crystalline a d hard rocks. 
Intact rocks, particularly sedimentary rocks, can be treated as cemented soils. 
Cementation decreases the stress-sensitivity of granular materials properties (Fernandez 
and Santamarina, 2001). Most of the change in the thermal conductivity of rocks upon 
increase in effective stress occurs at low to medium effective stress levels (Abdulagatov 
et al., 2006; Clauser and Huenges, 2013). The thermal conductivity increases relatively 
significantly compared to its initial value when the stress reaches to the level sufficient to 
break the bond between grains (called break-down stress), which can be different for 
various rock types. Beyond some effective stress level (called cross-over stress), the 
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porosity or density does not change with further inc ease in effective stress. Therefore, at 
high effective stress levels, the thermal conductivity shows no or very little change with 
effective stress (Abdulagatov et al., 2006). 
2.5.1. Compiled Data and Proposed Models 
A linear relationship is observed between the thermal conductivity and effective 
stress using its value at atmospheric pressure and room temperature kpo [W.m
-1.K-1] 
(Hurtig, 1970; Kappelmeyer and Haenel, 1974): 
)'δσ+1(k=)'σ(k po                        (2.9) 
δ [Pa-1] has been extracted from experimental data for different rock types, and its 
small values (in the order of 10-5) show that the thermal conductivity of rocks 
(particularly, intact rocks with low porosities) is not stress-dependent. 
Correlation developed based on the compiled data in his study for sedimentary 
rocks (sandstone and limestone) is a hyperbolic model t  capture the increasing trend that 
gets to an asymptotic value at higher stresses, and it is shifted by the value of thermal 
conductivity at atmospheric pressure kpo [W.m
-1.K-1] as follows: 
1-
po )'σb+a('σ+k=)'σ(k                                (2.10) 
In Equation 2.10: a-1 [W.m-1.K-1.MPa-1] shows the maximum gradient (maximum 
slope) of increase in k with increasing effective stre s (∂k/∂σ’)max. b-1 [W.m-1.K-1] shows 
the asymptotic value that k reaches kult under a characteristic stress. The ratio of these 
two parameters (a/b [MPa]) is the characteristic effective stress σ’ chr, at which the thermal 
conductivity reaches to its ultimate or asymptotic value kult.  
The highest stress-sensitivity is shown by some sedimentary rocks such as 
limestone. For limstones tested under increasing stres  from 0.1 to 250 MPa and at 
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various temperatures (0, 50, 100, and 150 ˚C – keptconstant for each series under 
variable stress) Abdulagatov et al., 2006 b-1 is constant for all temperatures kult=0.34 
[W.m-1.K-1]. However, a-1 increases with increasing temperature, that shows the gradient 




( 5-27-max                   (2.11) 
The initial thermal conductivity kpo [W.m
-1.K-1] measured under 0.1 MPa at 
various temperatures (0, 50, 100, and 150 ˚C) in the above-mentioned study, decreases 
from 1.94 to 1.55 [W.m-1.K-1] with the following relationship: 
T003.0-9.1=)T(kpo                  (2.12) 
Data is shown in Figure 2.7. Stress- and temperature-dependency of thermal 
conductivity of limestone can be obtained by combining Equations 2.10, 2.11, and 2.12, 
taking into account the constant value of b=2.94 m.K.W-1. Trends for sandstone tested 
under the same conditions (Abdulagatov et al., 2006; Abdulagatova et al., 2009) are 
similar to those of limestone. 
For geomaterials with dilative behavior, the failure under high stress is followed 






































Figure 2.5.  Thermal conductivity versus stress for two sedimentary and two 
metamorphic rocks – Data from: Abdulgatov et al. 2006; Abdulgatova 
et al. 2009. 
2.6. CONCLUSIONS 
Salient conclusions follow: 
- The thermal conductivity of tight and hard crystalline rocks decreases with 
temperature, because the differential thermal expansion of tightly and randomly 
arranged mineral grains (relevant to poly-mineralic ro ks) and randomly oriented 
crystals (relevant to poly- and mono-mineralic rocks) creates cracks between them 
that adds a significant thermal resistance.  
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- The higher is the quartz content of a rock, the higher is its thermal conductivity 
and the higher is its thermal conductivity decline with temperature. 
- The thermal conductivity of crystals is directly pro ortional to the mean free path 
of phonons that decreases with increasing temperatur . 
- The thermal conductivity of amorphous minerals increases with temperature 
because their heat capacity increases. 
- The thermal conductivity of rocks with fractured or open structure such as shale 
increases with temperature. The thermally expanded mineral grains fill the inter-
particle and inter-layer gaps.  
- Despite a very low porosity of rocks, their thermal conductivity is still stress-
sensitive. It increases slightly with confining effective stress because the stress 
closes the micro-fractures and collapses the weak pores. The trend is hyperbolic 
so that an asymptotic value is reached at a characteristic stress level. 
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ENGINEERED GRANULAR MATERIALS FOR HEAT 
CONDUCTION AND LOAD TRANSFER IN ENERGY GEO-
TECHNOLOGY 
   
 
3.1. INTRODUCTION 
Heat transfer is a critical process in many energy geo-systems. Examples include 
thermal energy geo-storage, near-surface thermal foundations, deep geothermal energy 
reservoirs, buried high voltage power transmission cables and liquified natural gas 
storage among others. The performance of these systms is determined by the sediments’ 
thermal capacitance and heat conduction, in addition to their ability to sustain mechanical 
loads and allow for fluid flow as needed. 
Thermally engineered composites have been developed t  satisfy a wide range of 
industrial and consumer product needs such as low thermal expansion to minimize 
thermo-mechanical stresses and high thermal conductivity for fast heat dissipation; at the 
same time, materials may be required to satisfy other constrains such as low specific 
gravity, high strength and low compressibility (Zweben, 1998). Typically, these 
composites have a polymer, metal, ceramic or carbon matrix, and include additives to 
attain high conductivity (e.g., boron nitride, aluminum nitride, silicon carbide, alumina, 
fused silica, metallic flakes or ceramic powders - Mallik et al., 2011). Materials are 
designed for low thermal conductivity as well; for example, there are alloys that hinder 
heat dissipation (Golosnoy et al., 2009; Gupta et al., 2013).  
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Thermally engineered materials and composites for the construction industry 
often involve low thermal conductivity components such as hollow glass microspheres 
(Yun et al., 2013), petroleum coke, fly ash, polypropylene fibers and air entraining 
additives (Jiang et al., 2013; Olmeda et al., 2013). High thermal conductivity concrete 
and grouts used in geothermal systems contain high conductivity aggregates (e.g., silica 
sand, limestone sand, pulverized fuel ash, electric arc furnace slag) and are mixed at a 
low water-cement ratio with the addition of superplasticizers (Allan, 2000; Borinaga-
Trevino et al., 2013). 
The purpose of this manuscript is to explore the range of thermal conductivity 
values attainable with granular materials. The experimental study documented herein 
explores natural and engineered granular materials under a wide range of stress 
conditions. Fundamental concepts and previous studies are reviewed first. 
3.2. PREVIOUS STUDIES 
3.2.1. Fundamentals of Heat Conduction 
Heat conduction in non-metal solids takes place via lattice vibrations or phonons 
whereby normal mode harmonic oscillations transport thermal energy across the medium. 
While heat conduction in metals also includes phononic transmission, it is mainly 
dominated by collision and diffusion of free electrons – Note: electron movements are 
not organized as in macroscopic electric currents (Chaikin and Lubensky, 2000). Heat 
conduction in liquids and gases takes place through inter-molecular collisions so that the 
internal energy of atoms and molecules diffuses throughout the medium by random 
motions (Wachsmuth, 1901). Thermal conductivity is lower in gases than in liquids or 
solids due to the larger distance between neighboring molecules in gas. 
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3.2.2. Heat Conduction across Solid-Solid and Solid-Liquid Interfaces 
Consider two bodies in contact subjected to a thermal gradient. A temperature 
difference develops across the interface between th two bodies; this implies the presence 
of thermal contact resistance. In fact, there is an interface thermal resistance even 
between pure and atomically smooth surfaces and between a solid with a smooth surface 
and a liquid (Kapitza, 1941). Contact resistance results from phonon scattering, and 
electrons and molecular elastic impacts at boundaries. Consequently, the geometric and 
physical characteristics of the two bodies in thermal contact affect the thermal contact 
resistance (Fletcher, 1972). The thermal contact resistance is defined as the ratio of the 
temperature discontinuity at the interface and the power per unit area across the interface 
(Swartz and Pohl, 1989). 
The free electron movement in metals vanishes at the contact with a non-metal 
body (Luo and Lloyd, 2010). Experimental measurements show lower thermal contact 
resistance than model predictions in metal-nonmetal interfaces probably due to the 
coupling between phonons (either in the metal or in the non-metal) and metal electrons 
(Cahill et al., 2003; Majumdar and Reddy, 2004). 
3.2.3. Heat Conduction in Soils 
Granular materials, including soils, are inherently multi-phase. Grains are much 
smaller than the length scale of the system under analysis, and the granular medium can 
be treated as an equivalent continuum with effectiv properties (Torquato, 2001). Still, a 
particle-scale understanding of heat transport is needed to engineer geomaterials in view 
of thermal applications. Heat transfer in granular materials combines conduction, 
convection and radiation processes (Gemant, 1950; Woodside and Messmer, 1961a). In 
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addition, grain motion and mixing are important heat tr nsfer processes where soils are 
subjected to high-strain shear, for example within shear bands and during granular flow 
(Rognon and Einav, 2010). Convective transport is negligible in static dry granular 
materials and in water-saturated sediments with small pore size when D50 < 6 mm 
(Thalmann, 1950; Woodside, 1958). Radiation gains relevance at high temperature, 
above ~ 1000˚C. In summary, conduction is the dominant heat transfer process in dry 
soils under static conditions. The presence of liquids facilitates heat transfer through 
granular contacts and across the porous medium. The und rlying processes include: heat 
conduction through the pore filling liquid, improved heat conduction across contacts as 
liquids fill voids within surface roughness, convection in the pore space and advection in 
cyclic fluid flow (Vafai and Thiyagaraja, 1987; Yun et al., 2011). 
Analytical and experimental studies have explored the evolution of thermal 
conduction in granular materials with changes in effective stress, water content, fines 
content, mineral composition and temperature (Farouki, 1981; Hadley, 1986; Watson and 
McCarthy, 2002; Huetter et al., 2008; Yun and Santamarina, 2008; Tarnawski et al., 
2009a; Tarnawski et al., 2009b; Malherbe et al., 2012). Research results show that the 
number and quality of contacts between particles, and the thermal conductivity of the 
material that makes the grains determine the thermal conductivity of the dry granular 
medium. Interparticle coordination and contact area are functions of grain size 
distribution, particle shape, current state of effective stress and stress history. 
Furthermore, interparticle coordination and contact areas can increase due to diagenetic 
processes such as cementation, precipitation and pressure dissolution/precipitation 
(Cortes et al., 2009). 
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3.2.4. Summary of Properties 
The thermal conductivity of common geomaterials andfluids are summarized in 
Table 3.1; heat capacity and mass density are included for completeness. 
 
Table 3.1. Physical properties of geomaterials and fluids (at room temperature) 
Material Category Material 
Thermal Conductivity 
k [W.m-1.K-1] 






Silver (pure) 424 235 10476 
Copper 392 385 8906 
Nickel 60 440 8890 
Coats 
Copper/Silver-filled coating 9.1(a) - 2110 
Nickel-filled coating 2.58(a) - 2030 
Geomaterials 
Quartz (single crystal) 12 (∥) - 6.8 (⊥) 753 2650 
Quartz (crystalline silica) 1.4 712 2203 
Glass (amorphous silica) 1.02 753 2467 
Granite 1.7 – 4 795 2700 
Limestone 1.3 921 2560 
Marble 2.6 879 2595 
Shale 1.56 628 2675 
Sandstone 1.7 921 2580 
Gypsum 0.43 1084 1249 
Coal 0.17 1256 1442 
Sand 
dry 0.15 - 0.33 795 1800 
water saturated 2 – 4 2151 (n=0.4) 2000 
Pore filler fluids 
Thermal grease (silver-based) 8.9 1005 2450 
Nanofluid (water + Al2O3) 0.72 2302 1350 (c=10%) 
Water 0.6 4186 998 
Ice (0 ˚C) 2.2 2038 921 
Kerosene 0.15 2093 820 
Air 0.024 1005 1.2 
Insulators 
 
Silica aerogel 0.004 – 0.03 840 3  
Polystyrene 0.03 100 1050 
Sources: ASHRAE (2009); (a) mgchemicals (2013). 
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Thermal conductivity values confirm efficient heat conduction in metals, the 
advantages of crystal structure over liquid phase (e.g., ice vs. water), and the effect of 
crystal structure and phonon wavelength on conduction (e.g., methane hydrate vs. ice, 
and quartz vs. glass). 
3.3. EXPERIMENTAL PROCEDURE  
The bulk thermal conductivity of natural and engineered dry granular materials 
and its changes upon loading and unloading are studied next. The tested materials are 
selected to obtain the widest possible range in thermal conductivity for load-bearing dry 
granular materials; moreover, two additional quartzitic sand specimens are prepared by 
spraying the sand with high thermal conductivity silver/copper and nickel paints under 
continuous mixing to prevent cementation. The mineral composition and mean grain size 
are summarized in Table 3.2. 




Density*  Thermal conductivity*  
ρ1 [kg/m
3] χ [%] k1 [W.m




uncoated 0.36 1594 0.6 0.157 40 
Nickel coated 0.4 1596 0.7 0.201 36 
Silver/Copper coated 0.4 1595 0.6 0.103 100 
Fly ash 0.012 1137 1.3 0.131 7.8 
Diatomaceous earth 0.008 543 3.3 0.086 4.4 
Ceramic microspheres 0.2 400 2.3 0.093 2.9 
Glass microspheres 0.018 326 1.5 0.056 3.7 
*Note: values reported for the unloading trend. 
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Tests are conducted inside a ko oedometer chamber under zero-lateral strain 
conditions. The cell wall is coated with petroleum gel and covered with a thin polymer 
wrap to minimize the effect of wall friction on thick specimens. The selected sediment is 
poured inside the chamber and tapped to obtain a dense, mechanically stable specimen. 
The vertical stress is doubled at each loading stage, nd the thermal conductivity is 
measured at every stage after a 10 minute equilibrat on period. 
The thermal needle probe used in this study consists of a thin heating wire (length 
lHW = 68 mm and electrical resistance RHW = 70.7 Ω) and a type E thermocouple; both are 
housed within a stainless steel cylindrical hollow tube (length LN = 55 mm, diameter DN 
= 1.3 mm). The needle perimeter exceeds the mean diameter of tested particles (π.DN = 





(a)          (b) 
Figure 3.1. Schematic view of devices. (a) Chamber for concurrent thermal 
conductivity and settlement measurements. (b) Thermal needle probe. 
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A specified voltage (V = 3 Volt) is applied across the heating wire for 180 s. The 
thermocouple measures the temperature evolution duri g heating and cooling. Figure 3.2 
shows typical data gathered for quartzitic sand. The early part of the curve is affected by 
diffusion, while temperatures measured towards the end of the heating period are affected 
by boundaries. Hence, the thermal conductivity coeffici nt k [W.m-1.K-1] is calculated 








=k                        (3.1) 
where Q [W/m] is the imposed power per unit length of the heating wire, and T1-
t1 and T2-t2 are temperature-time pairs in the linear part of the curve. The test procedure is 
validated by measuring the thermal conductivity of water stabilized with 5 g/l of agar 





















Figure 3.2. Typical dataset in semi-log scale: Temperature evolution during heating 
(Case: quartzitic sand at σ’ = 41 kPa). 
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3.4. EXPERIMENTAL RESULTS  
Figure 3.3 shows the evolution of mass density with applied vertical stress during 
loading and unloading paths for all specimens. The choice of mass density instead of void 
ratio facilitates the comparison among specimens made of solid particles (quartzitic sand) 




















Vertical Effective Stress σ' [kPa]






Figure 3.3. Compressibility: Density versus vertical effective stress - All specimens. 
 
Density and thermal conductivity trends can be fittd as: 
( )[ ]kPa1'log11 σχ+ρ=ρ                       (3.2) 
( )[ ]kPa1'log1kk 1 σβ+=                              (3.3) 
where ρ1 and k1 are the density and thermal conductivity at σ’ = 1 kPa; the 
dimensionless factors χ and β capture the proportional increase in corresponding 
properties for a ten-fold increase in stress. Values reported in Table 3.2 apply to the 
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unloading branch to avoid the effects of grain crushing during first loading (Note: the 
compressibility of fly ash and diatomaceous earth was very pronounced during first 
loading). The following observations can be made from these results: 
• The thermal conductivity increases with stress level in all cases (Figure 3.4), 
particularly in quartzitic sand samples with and without coating (β = 0.4-to-1.0, i.e., 


































Figure 3.4. Thermal conductivity versus vertical effective stre s – All specimens. 
 
• On the other hand, the increase in thermal conductivity with stress in hollow glass 
microspheres, ceramic microspheres and diatoms is very low (β < 5% for a ten-fold 
increase in stress) even though these materials are mo  compressible (χ = 1.5% to 
3.3%) than the quartzitic sand specimens (χ ≈ 0.6%). Thus, the increase in 
interparticle coordination has a lessened effect in granular media made of low thermal 
conductivity grains (Table 3.2).  
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• Ceramic microspheres crush when σ’  ≈ 1 MPa, grains rearrange and there is a sharp 
increase in bulk mass density (from ρ = 392 kg.m-3 to ρ = 431 kg.m-3). Particle 
crushing and rearrangement change the grain size distribution in ceramic 
microspheres; this is accompanied by increased mass density, inter-particle 
coordination and a marked increase in thermal conductivity (from k= 0.093 W.m-1.K-1 
to k = 0.102 W.m-1.K-1). 
• Metal coatings enhance the thermal conductivity of quartzitic sand by ~10%-to-30%, 
depending on stress levels. Two contact-level observations explain the relatively low 
gain in thermal conductivity. First, optical images of coated sand grains reveal that 
about 60% of the grain surfaces were coated with hig  thermal conductivity paint; 
therefore, there are low thermal resistant metal-metal contacts, intermediate metal-
quartz and high thermal resistant quartz-quartz contacts in these granular packings. 
Second, phonon-electron coupling at metal-quartz contacts is not a major 
improvement over quartz-quartz contacts at room temperature. 
• Fly ash exhibits an intermediate behavior between solid quartzitic grains and porous 
diatoms and microspheres. We note that this fly ashspecimen contains ~17% 
ferromagnetic particles, yet the thermal conductivity of iron in these particles is 
restricted by oxidation (Fe3O4 and Fe2O3). 
Figure 3.5 shows thermal conductivity versus bulk mass density for all specimens 
and stress levels. There is an overall increase in thermal conductivity with density. 
However, these results suggest that a single conductivity-density trend is unwarranted for 




































Figure 3.5. Thermal conductivity versus density - All specimens. 
3.5. DISCUSSION: LIQUID EFFECTS 
The number and the “thermal quality” of contacts between particles determine the 
thermal conductivity of dry granular materials (Yun a d Santamarina, 2008). Liquids 
coat grains, bridge the inter-particle contacts andfill pores (depending on the degree of 
saturation); therefore, liquids can affect the thermal conductivity of wet or saturated 
sediments significantly (Hadley, 1986). Models to estimate the thermal conductivity of 
liquid-saturated granular materials ksat are a function of porosity n, the saturating liquid 
thermal conductivity kℓ, and the thermal conductivity of the mineral that makes the 
particles ks. The geometric mean is a good first-order estimate (Beck, 1976): 
( ) ( )nn1ssat kkk l−=              (3.4) 
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The thermal conductivity kwet at an intermediate liquid saturation Sℓ can be 
interpolated between the effective thermal conductivity of the granular medium at 
saturated ksat and dry kdry states (Johansen, 1975; Ewen and Thomas, 1987): 
( )( )drysatS89.0drywet kke1kk +−+= − l                      (3.5) 
These equations highlight the role of the pore fluid conductivity kℓ; for example, 
the thermal conductivity of dry quartzitic sand kdry = 0.23 W.m
-1.K-1 with porosity n = 0.4 
would increase to ksat = 2.8 W.m
-1.K-1 when it is water-saturated (equation 3.4 – data in 
Table 3.1). For comparison, the improvement in thermal conductivity by metal coating 
was only from kdry = 0.25 W.m




Dry and densely packed hollow glass microspheres, cramic microspheres and 
naturally occurring diatomaceous earth are more compressible than sands, but exhibit 
very low thermal conductivity and very low stress-dependent gain in thermal 
conductivity. Therefore, these materials are advantageous for applications that require 
heat insulation along with mechanical stability. Ceramic microspheres crush at lower 
stress levels than hollow glass microspheres. Diatom ceous earth, glass and ceramic 
microspheres can be mixed with other grains to tuneheir thermo-mechanical response. 
Quartzitic sand exhibits high thermal conductivity due to the conductive nature of 
quartz, albeit diminished by contact resistance betwe n grains. The number of contacts 
and contact thermal quality (the inverse of contact resistance) increase with confining 
stress and thermal conductivity shows pronounced stress-dependency. Variation in dry 
mass density is not a sufficient indicator of variation in thermal conductivity.  
 65
Metal coating grains improves the bulk conductivity of quartz sand by ~10%-to-
30%. This limited improvement reflects partial grain coating and the mismatch between 
phononic and electronic conduction. The liquid that fills the pore network in granular 
materials has a more pronounced effect on the bulk thermal conductivity of the medium 
than metal coating grains. Therefore, high thermal conductivity granular materials can be 
best engineered by controlling the saturating liquid. 
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ENGINEERED SOILS: SATURATED GRANULAR MIXTURES 
   
 
4.1. INTRODUCTION 
Engineered granular materials with controlled hydraulic, mechanical and thermal 
properties can be effective solutions for systems subjected to coupled excitations such as 
thermal energy geo-storage, granular beds for buried h gh voltage power cables, buffer 
materials for nuclear waste isolation, and heat extraction or injection through shallow or 
deep thermal foundations.  
The performance of granular media subjected to thermal, mechanical and 
hydraulic processes depends on their physical properties such as mineralogy, particle size 
distribution, fabric, pore fluid characteristics, degree of saturation, and the imposed 
boundary conditions such as the state of stress.  
The thermal performance of uniform granular materials has been explored in the 
literature. However, few attempts have been made to engineer soil properties. 
Furthermore, available models appear insufficient for the prediction of the thermal 
conductivity of engineered granular mixtures. 
The aim of this study is to investigate the effect of particle size on mono-sized 
systems (relates to inter-particle contact area), grain size distribution (i.e., the number of 
inter-particle contacts), saturating fluid (i.e., enhanced heat conduction through pore fluid 
and inter-particle contacts), and effective stress l vel (i.e., inter-particle contact area and 
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reduced contact impedance) on the thermal conductivity and compressibility of granular 
materials with high quartz content. 
4.2. PREVIOUS STUDIES 
Thermal conduction and load transfer in dry granular media take place through 
inter-particle contacts. Discontinuities at inter-particle contacts add thermal resistance to 
heat transfer even if particles have perfectly smooth surfaces. The effect of salient 
parameters on the thermal conductivity of granular media is reviewed next.  
4.2.1. Contact Thermal Impedance 
Particle surface asperities and the presence of a thin air layer between dry 
particles in contact cause a mismatch between phononic heat conduction. The ensuing 
local thermal resistance manifests as a temperature jump at contacts (Note: the thermal 
discontinuity decreases at higher gas pressures – Birch and Clark, 1940a). Small contact 
areas and contact resistance make the thermal condutivity of a granular medium 
significantly lower than that of the material that makes the grains. 
Contact heat conductance Hc [W.K
-1] is proportional to the conductivity of the 
grain material ks [W.m
-1.K-1] and the radius of the contact region rc [m] (Vargas and 
McCarthy, 2002): 
scc kr2=H                            (4.1) 
Models of contact resistance/conductance may also inv lve surface curvature, 
roughness and the mode of particle deformation (Sridha  and Yovanovich, 1994; Lambert 
and Fletcher, 1997). 
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4.2.2. Stress Effects 
The state of stress plays a critical role on all properties of a granular material. In 
particular, the thermal conductivity of granular materials increases with increasing 
normal stress (Knutsson, 1983; Tehranian et al., 1994). The effective stress causes 
compaction, increases the number of inter-particle contacts, and enlarges the radius rc [m] 
of the contact area between particles (Yun and Santamarina, 2008).  
The inter-particle contact radius rc [m] for two same-sized spherical particles is 
related to grains radius R [m], Poisson’s ratio νg and shear stiffness Gg [GPa] of the 
mineral that makes the grains, and the applied boundary effective stress σ’ [kPa] as 
predicted by Hertz’s nonlinear elastic contact theory – simple cubic packing 












gc                          (4.2) 












sc            (4.3) 
Equation 4.3 predicts that the contact conductance incr ases when grains are large 
R [m], are made of a material of high thermal conductivity ks [W.m
-1.K-1], and are 
subjected to high effective stress σ’ [kPa] (Weidenfeld et al., 2004). 
Measured thermal conductivity values show a residual memory effect: they are 
higher in unloading than during loading because of irreversible fabric changes, contact 
deformations, and locked in stresses (Abyzov et al., 2014). 
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4.2.3. Dry Mass Density and Porosity 
Particle shape, grain size distribution and the state of stress determine the porosity 
and dry mass density of granular materials. An increase in dry mass density ρdry [kg.m-3] 
or a decrease in porosity n, n = 1-ρdry/(GS.ρw), implies an increase in the inter-particle 
coordination number cn, as can be estimated from cn=12(1-n) (German, 1989), a higher 
number of heat conduction pathways and an increase in th rmal conductivity. 
Published results show a linear trend between increasing thermal conductivity 
versus decreasing porosity for any degree of saturation (Tang et al., 2008; Yun and 
Santamarina, 2008). Particle angularity and surface roughness hinder dense packing and 
result in lower thermal conductivity values (Becker et al., 1992; Cho et al., 2006). 
Suggested correlations between thermal conductivity and dry mass density or porosity are 
summarized in Table 4.1. 
4.2.4. Liquid Saturation 
The thermal conductivity of liquid-saturated soils is much higher than that of dry 
soils. This highlights the critical role liquids play (1) to diminish contact thermal 
impedance through mineral-liquid-mineral conduction, a d (2) to heat conduction along 
the liquid filled pores.  
Three volumetric averages can be used to estimate the thermal conductivity of 
solid-liquid mixtures. The harmonic mean considers the liquid and solid phases in series 
and provides a lower bound to measured experimental data. The arithmetic mean 
considers the liquid and solid phases in parallel with respect to the direction of heat flow, 
and provides an upper bound to measured data (Woodside and Messmer, 1961a). The 
geometric mean is a better estimate overall, however, it overestimates the effective 
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thermal conductivity when the ratio between solid to liquid thermal conductivities 
20>kks l (Beck, 1976). Proposed relationships for the thermal conductivity of liquid-
saturated soils are listed in Table 4.1.  
The thermal conductivity of quartz kq ~ 8 W.m
-1.K-1  is much higher than that of 
most minerals (average ko = 2 or 3 W.m
-1.K-1 - Horai, 1971) hence, the thermal 




Table 4.1. Correlations developed for effective thermal conductivity of granular materials with respect to other salient parameters. 







dry  Dry soils 
kdry: effective dry thermal conductivity 
[W.m-1.K-1] 
ρdry: bulk dry mass density [kg.m-3] 
ρs: mass density of solid particles  
(ρs =2700 kg.m-3) 
Johansen, 1975 
1.2-
dry n034.0=k  
Compacted 
bentonite bed 
n: porosity Knutsson, 1983 
3
dry )n-1(968.0+)n-1(222.0+0497.0=k  
Compacted 
bentonite bed 




sat k.k=k l  (geometric mean) Saturated soils 
ksat: effective liquid-saturated thermal 
conductivity [W.m-1.K-1] 
: thermal conductivity of pore-filling 
liquid [W.m-1.K-1] 












 (harmonic mean) Saturated soils Defined before 
Woodside and Messmer, 
1961a 
ssat k)n-1(+nk=k l  (arithmetic mean) Saturated soils Defined before 

























Defined before Sakashita and Kumada, 1998 
])706.0-n75.9(+1[k=k 731.0+n285.0drysat   Defined before Johansen, 1975 
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Table 4.1.Continued Correlations developed for effective thermal conductivity of granular materials with respect to other 
salient parameters. 










 Soil grains 
kmj: thermal conductivity of j-th mineral 
xj: volumetric fraction of j-th mineral 






















k1: thermal conductivity of the continuous 
medium [W.m-1.K-1] 
k2: thermal conductivity of the suspended 
particles [W.m-1.K-1] 
κ: relative thermal conductivity of 
components 
φ2: volumetric fraction of suspended 
material 
x: particle shape factor (2 for spheres) 
Fricke, 1924; Ould-Lahoucine 













ks, kb, kw, and ka: thermal conductivity of 
sand particles, bentonite particles, water and 
air [W.m-1.K-1] 
φs, φs, φs, φs: volumetric fraction of sand, 
bentonite, water and air 
m = 1.303, n = 2.099, p = 0.564 
Cho et al., 2011 
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4.2.5. Particle Size and Grain Size Distribution 
Experimental results show that the thermal conductivity exhibits some increase –albeit 
minor– with increasing particle size as theoretically predicted for mono-size soils 
(Equation 4.3 - Paek et al., 2000). Indeed, smaller particles result in a higher number of 
contacts per unit length, but there is a lower force per particle, hence, the contact 
resistance increases compared to heat pathways formed by larger particles (Weidenfeld et 
al., 2004; Chari et al., 2013). 
Most studies consider either mixtures of mono-size particles made of different 
constituents, or mixtures of different size grains made of the same constituent (Ould-
Lahoucine et al., 2002). Some mixtures can be treated s suspensions where pastes made 
of fine-grained soils are assumed to be the continuous phase and coarse grains such as 
sand particles are suspended within the paste and fr from each other. The proposed 
relationship is shown in Table 4.1. For wet mixtures, an empirical relationship similar to 
the geometric mean of the thermal conductivity of all components (solids, water and air) 
is shown in Table 4.1. 
4.3. EXPERIMENTAL STUDY: MATERIALS, DEVICES AND PRO CEDURES 
Eleven binary mixtures of silica sand and silica flour are tested under dry and 
water-saturated conditions at varying vertical effective stress levels and zero lateral strain 
boundary conditions. An additional set of tests is conducted on mixtures saturated with a 
thermally conductive grease. The properties of the c osen aggregates and fluids are 




Table 4.2. Selected properties of tested aggregates. 
Aggregate Size Range [µm] D50 [mm] 
Specific 
Gravity G s 
Mineralogy 
(fraction by weight) 
Silica Sand 40-
45 
355 < D < 400 0.38 2.65 











250 < D < 355 0.30 2.65 The same as Sand 40-45 
Silica Sand 60-
70 
210 < D < 250 0.23 2.65 The same as Sand 40-45 
Silica Flour  
(Sil-co-Sil 106) 
15 < D < 25 0.02 2.65 







CaO: 1.0×10-4  
K2O: 2.0×10
-4 








k [W.m -1.K -1] 




Air 0.024 1.205 1.82×10-5 
Water 0.609 997 – 998.2 1×10-3 
Thermal grease 1.102 2428 70**  
**  Viscosity of toothpaste. 
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of Silica Flour 
Initial void 
ratio eo 
Dry Mass Density ρ* Thermal Conductivity k *  Coefficient of 
Compressibility Cc ρ100 [kg.m
-3] χ [%] k 100 [W.m
-1.K -1] β [%] 
Air 
60-70 1-1 0 0.593 1672.8 0.18 0.26 20.5 0.0080 
40-45 1-2 0 0.556 1714.3 0.16 0.27 19.9 0.0080 
45-60 1-3 0 0.589 1692.7 0.17 0.28 14.6 0.0080 
45-60 2 0.1 0.469 1829.6 0.48 0.31 16.3 0.0184 
45-60 3 0.2 0.360 1980.8 0.66 0.40 14.2 0.0174 
45-60 4 0.3 0.375 2009.3 0.42 0.46 13.9 0.0364 
45-60 5 0.4 0.391 1986.3 0.48 0.50 17.3 0.0360 
45-60 6 0.5 0.463 1915.3 0.49 0.47 22.2 0.0527 
45-60 7 0.6 0.577 1822.9 0.48 0.43 21.8 0.0737 
45-60 8 0.7 0.578 1789.3 0.70 0.40 14.5 0.0694 
45-60 9 0.8 0.648 1696.9 0.75 0.34 20.5 0.0736 
45-60 10 0.9 0.760 1630.0 0.80 0.32 18.3 0.0854 
45-60 11 1 0.768 1574.7 0.75 0.26 15.4 0.0989 
Water 
45-60 1 0 0.645 1673.7 0.96 2.71 18.9 0.0386 
45-60 2 0.1 0.504 1860.5 1.21 2.90 14.1 0.0536 
45-60 3 0.2 0.305 1927.7 0.82 3.07 16.0 0.0362 
45-60 4 0.3 0.341 2012.9 1.29 3.24 15.9 0.0475 
45-60 5 0.4 0.373 2013.1 0.79 3.41 19.2 0.0421 
45-60 6 0.5 0.401 1989.6 0.87 3.26 13.7 0.0419 
45-60 7 0.6 0.479 1890.9 1.10 3.14 5.9 0.0482 
45-60 8 0.7 0.659 1747.2 0.91 2.91 4.6 0.0484 
45-60 9 0.8 0.676 1653.2 1.01 2.87 4.7 0.0429 
45-60 10 0.9 0.786 1524.5 1.15 2.72 3.6 0.0427 
45-60 11 1 0.805 1590.2 0.96 2.19 14.1 0.0703 
Thermal 
grease 
45-60 1 0 0.68 - - 2.60 5.9 - 
45-60 2 0.5 1.17 - - 2.49 5.5 - 
45-60 3 1 1.72 - - 1.77 1.7 - 
* Values are reported for the unloading trend. 
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Tests are conducted inside a ko oedometer chamber. The inner wall of the 
chamber is coated using petroleum gel and covered by a polymer wrap to decrease the 
effect of wall friction and improve stress distribution. Dry mixtures are scooped in 0.5 cm 
thick layers and then tapped 50 times per layer using a 100 g rod to obtain a relatively 
dense specimen. Water-saturated mixtures are first m xed dry, then saturated and scooped 
into the chamber filled with water and allowed to settle for 5 minutes. Then each layer is 
tapped 50 times using the same rod. 
The vertical stress is varied in 6 steps from σ’o=41 kPa to σ’u=2.6 MPa by 
doubling the load in each successive stage. Vertical deformation and effective thermal 
conductivity are measured at all loading and unloading steps using an LVDT and a 
thermal needle probe.  
The thermal conductivity is measured after a 10 minute equilibration period 
following each loading or unloading step. The thermal needle probe used in this study 
consists of a heating wire (electrical resistance R = 66.6 Ω) and a type E thermocouple 
(methodology described in Bullard et al., 1956). The heating wire is connected to a ∆V = 
2 V DC source for 120 seconds and the thermocouple measures the evolution of 
temperature versus time during heating and cooling sta es. A 40 minute cooling time is 
allowed after each measurement (details in Chapter 3). The thermal needle probe is 
calibrated using agar-stabilized water (ASTM D5334).  
A typical temperature-time signature is shown in Figure 4.1.a for a dry specimen 
































































Figure 4.1. Typical dataset. (a) Temperature versus time signature (σ’ z = 341 kPa), (b) 
Stress-dependent void ratio, and (c) Stress-dependent th rmal conductivity 












The thermal conductivity k [W.m-1.K-1] is calculated from the slope of the 
temperature versus the logarithm of time curve (taken from the central linear region) and 
the imposed heat per unit length L [m] of the heating wire Q = V2/(R.L) [W.m-1] (Van 








=k                        (4.4) 
The needle probe is placed along the centerline of a cylindrical specimen. The 
central region of log(t)-T signatures ranges between 120 s and 1 ˚C. Finite difference 
simulations of radial heat diffusion are conducted to verify boundary conditions. Results 
confirm that the diameter of the specimen is sufficiently large and the duration of heating 
is sufficiently short so that the slope in the central region is not affected by boundaries: 
the heat front reaches the outer boundary 3.5 cm away from the heat source in about 500 
s.  
Typical results shown in Figure 4.1 indicate that void ratio decreases and thermal 
conductivity increases with stress and there is a residual response upon unloading (Figure 
4.1.b and c) apparently due to permanent fabric and contact changes, and locked-in 
horizontal stress. The complete dataset is presented next. 
4.4. EXPERIMENTAL RESULTS  
The evolution of dry mass density, coefficient of cmpressibility, and thermal 
conductivity with vertical effective stress and mixture composition is shown in Figures 
4.2 through 4.8 for all specimens. Salient observations follow. 
- The thermal conductivity of 100% silica sand specimens with different particle 
mean sizes (D50: 0.23, 0.30 and 0.38 mm) increases slightly with D50 and it is 
 83
higher than that of silica flour (D50=0.02 mm) as it is shown in Figure 4.2. Note 

























Dry Mass Density ρdry [kg.m -3]






Figure 4.2.  Thermal conductivity versus dry mass density for dry mono-sized 
sand and silt (refer to Tables 4.2 and 4.4). 
 
- The initial dry mass density is very similar for air-dry and water-saturated 
mixtures with the same fines content (Figure 4.3 – Note: some dry mixtures are 
initially denser). Density increases with effective stress and exhibits very limited 



















































































Figure 4.3. Dry mass density versus vertical effective stress – data shown 






- The thermal conductivity of water-saturated specimens is about one order of 
































0.3, 0.5 & 0.2










Figure 4.4. Thermal conductivity versus vertical effective stre s for all mixtures – 
data shown during unloading only for clarity (details in Table 4.4). 
 
- The thermal conductivity of thermal grease-saturated mixtures is lower than that 
of water-saturated specimens although the thermal conductivity of grease is twice 
that of water (Figure 4.4 and Table 4.3). 
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- Thermal conductivity versus dry mass density curves for all dry and water-
saturated mixtures show that the thermal conductivity increases above all with 
saturation, some with stress, and non-sequentially with fines content (Figure 4.5 – 








































Figure 4.5.  Thermal conductivity versus dry mass density for all dry and water-
saturated binary mixtures – data shown for unloading o ly (details in 
Table 4.4). 
 
- The dry mass density of dry and water-saturated mixtures at the initial load 
(σ’o=41 kPa), under the ultimate load (σ’u=2.6 MPa; for fines content FC=1: 
σ’u=1.3 MPa), and under the final load upon unloading (σ’ f=41 kPa) are shown in 
Figure 4.6. Mixtures made of fines content FC=0.3 to 0.4 exhibit the highest 
density both when dry and water-saturated (Table 4.4).
- The thermal conductivity of dry and water-saturated mixtures at the initial, 
ultimate and final loads are shown in Figure 4.7. Dry specimens exhibit the 
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highest thermal conductivity when the fines content is FC≈0.5; however, a lower 




























σu' = 2643 kPa
σf' = 41 kPa





























σu' = 2643 kPa
σf' = 41 kPa
σo' = 41 kPa
 
 
Figure 4.6.  Evolution of dry mass density during loading and unloading for 
different mixtures - initial state (♦ σ’ zo=41 kPa), peak load (● σ’ zu=2643 




- The sediment compression index Cc=∆e/log(σ’H/σ’ L), i.e., the reduction in void 
ratio with vertical effective stress, is reported in Figure 4.8 for all wet and dry 
mixtures (see also Table 4.4). The compressibility of mixtures increases with 
fines content; however, the effect of fines content is more pronounced on the 
compressibility of dry mixtures: while coarser mixtures with low fines content are 
more compressible when wet, mixtures with high fines content FC > 0.4 are more 


























σ'u = 2643 kPa
σ'o,f = 41 kPa
σ'u = 2643 kPa
σ' f = 41 kPa
σ'o = 41 kPa
σ'u = 341 kPa
σ'o,f = 41 kPa
 
 
Figure 4.7. Evolution of thermal conductivity during loading and unloading for 
different mixtures – initial state (♦ σ’ zo=41 kPa), peak load (● σ’ zu=2643 
kPa for dry and water-saturated specimens and σ’ zu=341 kPa for grease-
saturated specimens), back to the first load (◊ σ’ zf=41 kPa). 
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Dry and water-saturated mixtures with fines content FC≈0.4 show the highest 
increase in thermal conductivity with a tenfold increase in effective stress (Table 4.4). On 
the contrary, the thermal conductivity is lowest and least affected by vertical effective 
stress for the two mono-size specimens (FC=0 and FC=1). 
Cc = 0.01(FC) + 0.04






























Figure 4.8. Coefficient of compressibility computed between σ’ z = 340 kPa 
and σ’ z = 2.6 MPa for all dry and water-saturated mixtures. 
 
4.5. ANALYSES AND DISCUSSION 
Linear trends of dry mass density and thermal conductivity versus the logarithm 
of stress can be fitted as follows (unloading data): 
( )[ ]kPa100'σlogχ+1ρ=ρ 100dry                              (4.5) 
( )[ ]kPa100'σlogβ+1k=k 100sat/dry                          (4.6) 
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where ρ100 [kg.m-3] and k100 [W.m-1.K-1] are the dry mass density and the thermal 
conductivity at a vertical stress σ’ z = 100 kPa. The dimensionless factors χ and β capture 
the increase in dry mass density and thermal conductivity from σ’=2.6 MPa to σ’=41 kPa. 
Fitted values are summarized in Table 4.4 for all dry and water-saturated mixtures. Data 
gathered in unloading were selected because they are free from sitting effects and particle 
rearrangements that prevail during loading. Dry mass density parameters are not reported 
for grease-saturated specimens because part of the past -like specimen “leaked out” of 
the cell during loading. 
Equations 4.5 and 4.6 are combined to obtain a single equation for the mixture 
thermal conductivity k [W.m-1.K-1] as a function of dry mass density ρdry [kg.m-3] at any 







β=        (4.7) 
Thermal conductivity values predicted using Equation 4.7 are plotted versus 
measured thermal conductivities in Figure 4.9. This is a highly constrained model – 
hence its ability to “predict values.” Yet, this analysis highlights the link between density, 



















































Figure 4.9. Measured versus predicted (Equation 4.7) thermal conductivity values 
for all dry and water-saturated mixtures. 
 
Residual Effects 
The thermal conductivity and dry mass density of all mixtures exhibit residual 
effects during unloading (Figures 4.6 and 4.7) due to irreversible grain-scale processes 
upon loading, which include: particle rearrangement, particle plastic deformation at 
contacts, and locked-in horizontal stress. 
Fines Content: Transitional Mixtures 
Density. Consider a coarse-grained medium with void ratio ec and a fine-grained 
medium with void ratio ef, both made of a mineral with the same specific gravity. The 
gravimetric fines content FC when the fine particles fill the pores in a coarse aggregate 












f         (4.8) 
The following two transitional extremes can be considered: (1) coarse grains at 
maximum void ratio ec=e
c
max and the fine at minimum void ratio ef=
f
min, and (2) coarse 
grains at ec=e
c
min while the fine is at ef=e
f
max. For silt and sand mixtures, Equation 4.8 
predicts the transitional fines content between FC=0.25 to 0.35. These values agree with 
trends in Figure 4.5. 
Compressibility. The compressibility of mixtures increases significantly with 
fines content in both dry and water-saturated mixtures. This indicates that while fines 
may not fill pores, they do coat coarse grains and f vor densification. Subcritical crack 
propagation at the contact between solid grains increases with inter-particle stress and in 
the presence of water (Oldecop and Alonso, 2001). This explains the left hand side of 
Figure 4.8 (FC < 0.4), in which the compressibility of water-saturated mixtures is higher 
than that of dry ones. 
Thermal Conductivity. While the fines content to attain the highest density is 
FC≈0.3, the highest thermal conductivity is exhibited by mixtures with FC=0.4-0.5 
(Figure 4.5). 
Transitional mixtures. The data show that the fines content during the coarse-
dominant to fines-dominant varies for the different properties.  
Liquid-Saturation 
Water. The presence of water in pores exerts a strong effect on the thermal 
conductivity of the medium (Figure 4.4). Water fills pores and conducts heat between 
particles. Water also reduces the thermal contact resistance by filling spaces at inter-
particle contacts. Heat conductance in fluids is baed on molecular motion and collisions. 
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The probability of molecular collisions is much lower in gases than liquids; hence, the 
thermal conductivity of water is about 25 times higher than that of air (Table 4.3). 
Thermal resistance at interfaces is also due to the diff rent conduction processes in 
liquids and solids.  
Thermal conductivity data for water-saturated specim ns is compared against 
model predictions in Figure 4.10. The geometric mean is a better prediction than the 
harmonic (series configuration of solid and fluid components with respect to heat flow – 
lower bound) and arithmetic mean (parallel configuration of solid and fluid components 
with respect to heat flow – upper bound). Overall, these models fail to capture the role of 
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Figure 4.10.  Thermal conductivity of binary mixtures gathered during loading and 
unloading (Table 4.4) compared against common models for water-
saturated specimens (Table 4.1). 
Thermal Grease. The thermal conductivity of thermal grease-saturated mixtures is 
lower than that of water-saturated mixtures even thoug  the thermal conductivity of the 
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grease used in this study is twice the thermal conductivity of water. In part, this is due to 
the very high viscosity of the grease (about 5 orders of magnitude higher than that of 
water). Figure 4.11 shows a physical illustration t analyze the efficiency of heat transfer 
at inter-particle contacts in dry, water- and grease-saturated conditions. The high 
viscosity of the thermal grease prevents it from filling grain surface imperfections and 
prevents the initial dense packing of particles (Note: the initial consistency of the mixture 
was gel-like rather than granular). The very low value of β-factor for grease-saturated 
mixtures (Equation 4.6; Table 4.4) indicates that increase in stress does not improve the 




(a) (b) (c) 
Figure 4.11. Grain-scale analysis of the effect of selected pore fluids on heat transfer: 
(a) Dry, (b) Water-saturated, and (c) Grease-saturated granular media – 
White: air. Hatched: solid grains. Solid: water or grease. Arrows drawn in 




- The thermal conductivity increases with increasing particle size in mono-sized grain 
packings because the radius of inter-particle contacts increases with particle size. 
- The thermal conductivity of all dry and water-satured mixtures increases with 
vertical effective stress as the inter-particle contact area and coordination number 
increases. 
- The thermal conductivity of the saturating fluid strongly affects the effective thermal 
conductivity of the medium. In particular, the thermal conductivity of water-saturated 
specimens is about one order of magnitude higher than at of the same mixture in 
dry conditions. 
- Other physical properties of the pore-filling liquid may hinder the beneficial effect of 
the liquid. In particular, high viscosity may prevent filling the grain surface 
imperfections and prevent particle rearrangement. 
- The presence of fines changes the behavior of mixtures. The maximum density is 
attained when the fines content is FC=0.25-0.35; this corresponds to compressibility 
increase monotonically with increasing fines content, a d specimen made of 100% 
fines has the highest compressibility in both dry and water-saturated specimens; this 
reflects that the ratio of void space to solid grains is higher in fine-grained materials 
so that they show higher stress-sensitivity upon clsure of voids by increasing stress.  
- Thermal conductivity is highest in mixtures with FC=0.4; this higher value reflects 
that inter-particle coordination number continues increasing even after all the pores 
between coarse grains are filled by the fine, providing higher number of heat 
pathways and higher thermal conductivity. 
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- Both thermal conductivity and dry mass density are higher during unloading 
compared to loading at all vertical stress levels. This is due to irreversible 
deformations of inter-particle contacts, residual fbric changes and locked-in 
horizontal stress. 
- Water saturation enhances the effective thermal conductivity much more effectively 
than particle surface treatment (tested in chapter 3). For high temperature 
applications, alternative liquids must be identified to avoid phase transition. 
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THE EVOLUTION OF COMPRESSIBILITY, STIFFNESS, AND 
THERMAL CONDUCTIVITY OF OIL SANDS 
   
5.1. INTRODUCTION  
The term “viscous oil” refers to hydrocarbons with very high viscosity and high 
specific gravity such as heavy oil, extra heavy oil and bitumen. The viscosity and specific 
gravity for viscous oil is compared to that of selected fluids in Table 5.1. The very high 
viscosity of viscous oil at in-situ temperatures is 1 to 7 orders of magnitude higher than 
that of water. The world’s largest viscous oil reservoirs are located in Alberta, Canada 
and the Orinoco belt in Venezuela. Together, these two accumulations equal the world’s 
largest oil reserves in Saudi Arabia. Over 70% of viscous oil reserves exist in soft 
sandstone and unconsolidated sand deposits with high porosity, n > 0.25 (Shafiei and 
Dusseault, 2013). On average, viscous oil sands contain 82% natural granular materials, 
12% oil, and 4% water (Takamura, 1982; Dusseault, 2001; Meyer and Attanasi, 2003).  
The in-situ average intrinsic permeability of oil sands is in the range of 10-12 m2, 
which is compared to that of silts. The fluid conductivity kfl [m.s
-1] is proportional to the 
intrinsic permeability of the formation K [m2], the fluid unit weight γ [kN.m-3] of that 
fluid and the fluid viscosity η [Pa.s] (Bear, 1979):  
η
γ.K
=k fl                         (5.1) 
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The resulting Darcian conductivity for oil sands is very low (kfl ≈ 10-9 to 10-12 
m.s-1, assuming: γ=1024 N.m-3, K=10-12 m2 and η=1-1000 Pa.s – Table 5.2) and 
conventional advection-driven methods do not work f viscous oil production.  
 
Table 5.1.  Properties of selected fluids at room temperature and atmospheric 
pressure. 
Fluid ˚API Gravity * 
Mass Density ρ 
[kg.m-3] 
Viscosity η [Pa.s] 
Air 1.1×106 1.204 2×10-5 
Steam 1.7×106 0.804 9.9×10-4 
Water 10 9810 1×10-3 
Light crude oil > 31.1 < 870 6×10-3 
Medium oil 22.3 – 31.1 870 – 920 8×10-3 
Heavy oil 10 – 22.3 920 – 1000 0.01 – 0.1 
Extra heavy oil 
(Venezuela) 
< 10 > 1000 0.1 – 10 
Oil sand (Canada) < 10 > 1000 10 – 104 
Sources: Meyer and deWitt, 1990; Head et al., 2003. 













Various enhanced recovery techniques have been develop d to increase the 
production efficiency, with emphasis on heating, to decrease the viscosity of the oil. 
Figure 5.1 shows the marked variation of viscosity of several viscous oils with 
temperature (η decreases about two orders of magnitude for the Hamac ’s extra heavy oil 
with only 40 degrees temperature rise and 5 orders of magnitude for Athabasca’s oil sand 





























Figure 5.1. Variation of viscosity with temperature – Light to viscous oil. Data 
from: Raicar and Procter, 1984; Zhao et al., 2013. 
 




















T = 50 ˚C
T = 25 ˚C




Figure 5.2. Viscosity versus pressure at different temperatures – heavy fuel oil. 
Data from: Martin-Alfonso et al., 2006. 
 
The oil density also decreases with increasing temperature (Figure 5.3), but its 





















Figure 5.3. Mass density versus temperature – Water and bitumen. Data from: 
Long et al., 2007. 
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The thermal conductivity of viscous oil-bearing sands determines the evolution of 
the heat front, the design of steam injection and the optimum location of production wells 
in thermally enhanced oil recovery methods (Somerton, 1974; Zimmerman, 1989). 
Deposits that contain viscous oil have taken the ovrburden load for a long 
geologic time without creep or significant settlement ven though the in-situ temperatures 
(4-50 ˚C) can be higher than both the glass transitio  and the melting point of the pore-
filling oil. Therefore, physical models similar to hat of grease-saturated sand specimens 
(postulated in Chapter 4 – Figure 4.11) cannot be corre t. The glass transition point of 
viscous oils is between -80 and -40 ˚C (Abivin et al., 2012).  
This study aims to investigate the effect of oil viscosity on compression index and 
small-strain stiffness Gmax [MPa] of viscous oil-bearing sediments and the strss- and 
temperature-dependency of their thermal conductivity. Underlying processes are 
postulated and discussed. 
5.2. PREVIOUS STUDIES 
Formation history. Heavy oils started as lighter oils deeper in the formations (z > 
3 km) such as precretaceous shales where the trapped organic matter matured. Light oils 
migrated to shallower depths (up-dip migration) where they were subjected to weathering 
processes, such as: 
1- Biodegradation (dominant in Canadian oil sands): anaerobes found at lower 
temperature (T < 80 ˚C) consume the light hydrocarbon molecules, decrease the 
gas to oil ratio (GOR) and reduce the hydrogen to carbon ratio (Head et al., 2003; 
Larter et al., 2006). Both processes increase the viscosity and specific gravity of 
the oil. The relative volume of water-to-oil and the water salinity add second-
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order controls on these processes. Conditions vary in the formation so that two 
orders of magnitude different oil viscosity in vertical (40 m thick) and 2-to-4 
times different viscosity in horizontal (1000 m long) directions can be found 
within the formation (Athabasca’s oil sand reservois – Larter et al., 2006). 
2- Leaching: the lighter hydrocarbon molecules dissolve in the groundwater and 
migrate to the top of the heavier and more viscous oil reservoir. 
3- Source rock immaturity (dominant in Venezuela): immature formations contain 
heavier oil than thermally mature rocks. 
Index, hydraulic, mechanical, and thermal properties of the largest viscous oil 
formations in the world are summarized in Table 5.2.
Mineralogy. Alberta’s oil sand are a mixture of estuarine and marine sedimentary 
formations (Osacky et al., 2013) and are composed of: quartz, 52-95 %wt.; clay minerals, 
0.17-41 %wt.; carbonates, 0.2-7 %wt.; K-feldspar, 2.7-3.9 %wt.; Rulite, TiO2 - 0-0.7 
%wt., and Pyrite, 0-0.2 %wt. (Mercier et al., 2008). 
Effects of liquid-saturation. The mid-strain stiffness of a granular medium is 
required for subsidence estimation and engineering design. The small-strain stiffness of a 
particulate medium is a constant-fabric parameter that depends on inter-particle contact 
deformation; it can be readily measured using elastic wave propagation. The elastic P- 
and S-wave velocities depend on the medium bulk modulus B [Pa], shear modulus G 
[Pa], and mass density ρ [kg.m-3] (Santamarina et al., 2001). Liquid saturation affects the 
bulk stiffness of a granular medium, but the shear stiffness is independent of liquid 
saturation and its properties. Equations of the theoretical basis in this field of literature 
are summarized in Table 5.3. 
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Table 5.2. Properties of selected viscous oil-bearing formations. 
Parameter/Country Alberta, Canada Venezuela 
Mass Density ρ [kg/m3] 1786 – 2550  
Porosity n [ ] 0.23 – 0.42 0.12 – 0.38  
Permeability k [m2]  (0.01 – 10)×10-12  (2 – 15)×10-12 
Hydraulic Conductivity K [m/s] 3.1×10-8 – 5.3×10-10   
Oil Content ωo [ ] (Voil/Vsolid) 0.08 – 0.15 (wt.)   
Degree of Oil Saturation So [ ] 
Voil/Vvoid 
0.75 – 0.9  0.76 – 0.9   
Water Content ωw [ ] (Vwater/Vsolid) 0.014 – 0.032   
Degree of Water Saturation Sw [ ] 
Vwater/Vvoid 
0.1 – 0.15 0.1-0.29 
Dissolved gas 95% CH4 and 5% CO2 95% CH4 and 5% CO2 
Geology: soil/rock type 
Uncemented coarse to fine-grained sand 
deposits, very dense and interlocked structure 
with concave-convex surfaces and dilative 
behavior, water-wet, underlined by carbonate 
and evaporate formations. 
Marine and tidal sandstone, Hydrocarbon-wet, 
underlined by an igneous shield, fine to coarse-
grained unconsolidated Miocene Oficina sands. 
The geologic history of the Orinoco Oil Belt is 
highly affected by its proximity to the cost. 
Fabric 
Very dense, interlocked sand, Interlocked 
contacts with convex-concave curvature. Grains 
have few tangential contacts 
Mild diagenetic fabric (pressure dissolution) 
Milder diagenetic fabric (subjected to higher 
temp.), shorter contact lengths and the growth of 
crystal on the free surfaces towards the pores 
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Table 5.2.Continued  Properties of selected viscous oil-bearing formations. 
Parameter/Country Alberta, Canada Venezuela 
Presence of water bearing deposit 
Some reservoirs have an active water bed, but 
many do not 
Presence of one or two water bearing sand 
deposits underlying the oil bearing formations is 
common  
Pore water ionic concentration 
20,000-60,000 ppm (20-60 g of salt per liter of 
water) 
20,000-60,000 ppm  
Mineralogy 
Quartz: 90-98%,  
Feldespar: 1-5%,  
Muscovite: 0-3%,  
Clay minerals: 0-4% 
Illite, Kaolinite, Vermiculite  
More quartzitic and less clayey than Canadian 
oil sands (more similar to Athabasca) 
Mean Grain size D50 [mm] 0.1 – 0.4  0.25  
Effective Grain Size D10 [mm] 0.075 – 0.2  
Fine content [%] 3 – 5%   
Particle Shape 
Oblong grains 
(0.15mm/0.23mm, aspect ratio of 0.65)  
Rounded to sub-rounded  
Thermal Conductivity kT [W.m
-1.K-1] 
0.8 – 2.1 (depends on oil saturation and 
temperature) 
 
Heat Capacity Cp [kJ.kg
-1.K-1] 0.718 – 1.23  
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Table 5.2.Continued  Properties of selected viscous oil-bearing formations. 
Parameter/Country Alberta, Canada Venezuela 
Thermal volumetric expansion β [K -1] 8×10-5   
Friction angle φ [ ] 
29-40 (decreases with temperature rise and 
increasing degree of saturation of oil!)  
 
Shear Wave Velocity VS [km/s] 1.4 (T=10˚C)  
P-wave velocity VP [km/s] 2.75 (T=10˚C) 2.65  
Pressure Diffusion Coefficient  
Cv [m
2/s] 
(0.38 – 3.6)×10-5   
Poisson’s Ratio ν [ ] 0.25 – 0.315  
Sources: Glassett and Gould, 1976; Dusseault and Morgenstern, 1978; Dusseault and Scafe, 1979; Linberg, 1980; Mossop, 1980; 
Cervenan et al., 1981; Karim and Hanafi, 1981; Raisbeck and Currie, 1981; Takamura, 1982; Chapman et al., 1984; Hanafi and 
Karim, 1986; Agar et al., 1987; Kiser, 1987; Martinez, 1987; Drelich et al., 1996; Samieh and Wong, 1997; Wong, 1999; James, 2000; 
Puri, 2000; Wong, 2000; Dusseault, 2001; Wong, 2001; Wong and Yeung, 2002; Canada, 2004; Obermajer et al., 2004; Han et al., 






Table 5.3. Relationships for stiffness of geomaterials with respect to liquid-saturation. 
 
Equation Parameters Notes References 
n.B+)n-1(B=)B( muppers l  Bs [Pa]: Bulk modulus of 
the liquid-saturated 
granular skeleton 
Bm [Pa]: Mineral bulk 
modulus 
Bℓ [Pa]: Liquid bulk 
modulus 
n: Porosity 
Reuss’ upper bound 
Series configuration of pore 
liquid and solid grain with 












 Voigt’s lower bound 
Parallel configuration of 
pore liquid and solid grain 











+B=B l  
ds G=G  
Bd [Pa]: Bulk modulus of a 
dry granular skeleton 
Gs [Pa]: Shear modulus of a 
liquid-saturated granular 
skeleton 
Gd [Pa]: Shear modulus of  
a dry granular skeleton 
Simplified Gassmann’s 
Eqn. 






Table 5.3.Continued Relationships for stiffness of geomaterials with respect to liquid-saturation. 
Equation Parameters Notes References 
γη+γG=τ &  τ [Pa]: Shear stress 
G [Pa]: Shear modulus of 
solid grain 
γ: Shear strain imposed on 
both solid and liquid 
η [Pa.s]: Viscosity of pore 
liquid 
γ& [s-1]: Shear strain rate 
Voigt material contains an 
elastic spring and a viscous 











Bsus [Pa]: Bulk modulus of 
a suspension (non-










ρs [kg.m-3]: Mass density of 
unsaturated granular 
material 
ρm [kg.m-3]: Mass density 
of solid mineral 
ρf [kg.m-3]: Mass density of 
pore-fluid 
ρw [kg.m-3]: Mass density 
of water 
ρa [kg.m-3]: Mass density of 
air 





Experimental studies show that the bulk modulus of a sandstone specimen 
increases about 50 percent upon water-saturation (De-hua and Batzle, 2004). The 
compressional wave velocity is higher in water-saturated sandstones compared to that for 
oil-saturated and dry sandstones (Gregory, 1976; Wang and Nur, 1990). 
Effects of temperature. Elastic P- and S-wave velocities decrease linearly with 
increasing temperature in hydrocarbon-saturated sediments (constant frequency). This 
behavior has been associated with the melting point of solid or solid-like heavy oil in the 
pores. Higher oil carbon number (number of carbon at ms in a molecule of hydrocarbon) 
correlates with higher wave velocity because of higher molecular weight (Wang and Nur, 
1990). Linearly decreasing trend of VP and VS with temperature is also observed for 
brine-saturated and dry sandstones (Wang and Nur, 1988b). Figure 5.4 shows the P-wave 
velocity for hydrocarbons only: once again, the velocity decreases linearly with 











































Figure 5.4. P-wave velocity versus temperature. Hydrocarbons of different carbon 
numbers (no mineral frame). Data from: Wang and Nur, 1990 and 
Wang and Nur, 1988b. C#: the number of carbon atoms in a molecule 
of hydrocarbon. 
Figure 5.5 and 5.6 show the variation of P- and S-wave velocities with 
temperature in various liquid-saturated sands and sstones. The frequency is constant 
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Figure 5.5. Compressional wave velocity versus temperature forsands, 
sandstones and oil sands (Effective confining stres = 15 MPa). Data 
from: Tosaya et al., 1984; Tosaya et al., 1987; Wang d Nur, 






































Figure 5.6. Shear wave velocity versus temperature for sands, sandstones and oil 
sands (Effective confining stress = 15 MPa). Data from: Tosaya et al., 
1984; Tosaya et al., 1987; Wang and Nur, 1988b; Wang and Nur, 1990. 
 
Coupled processes involved in thermally enhanced oil recovery are complex. 
Differential thermal expansion of solid particles and pore-filling oil can increase pore 
pressure, alter the state of stress, change the ratio between dissolved gas and oil, affect 
the sand and change all its thermo-hydro-mechanical properties. Large property changes 
are associated to the thermal expansion upon the temperature rise to 60-80 ˚C in dense 
oil-bearing formations at shallow depths. In particular, these formations may experience 
shear dilation and increases in compressibility, porosity and permeability (Shafiei and 
Dusseault, 2013). Very porous formations such as ditomite in California with porosity n 
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> 0.5 may experience internal collapse upon heating and consequent decrease in porosity 
and permeability (Hoffman and Kovscek, 2005). 
The in-situ temperature in reservoirs found in Canad , Venezuela and the U.S. 
can reach 50 ˚C at the depth of 1000 m. During heattr ment, such as steam injection, 
the temperature can reach 200 ˚C (Barson et al., 2001). For comparison, the glass 
transition temperature of viscous oil is between -80 and -40 ˚C (Abivin et al., 2012). 
Thermal conductivity of oil sands increases with increasing bitumen content and 
decreases with increasing temperature (Karim and Hanafi, 1981). Thermal conductivity 
of bitumen alone and sand alone decreases with increasing temperature (Hanafi and 
Karim, 1986). 
Effects of effective stress. The differential thermal expansion that solid grains and 
mineral skeleton experience relative to that of pore-filling fluid during heating may 
increase the pore pressure that decreases effective stress. On the other hand, oil viscosity 
decreases and facilitates its drainage. The coupling between the thermal front, fluid 
pressure and drainage defines the effective stress.  
The effective stress σ’ [MPa] defines the stiffness, compressibility and the 




[a=G              (5.2) 
where the exponent b reflects the type of inter-particle contact that is responsible 
for small-strain deformation at constant-fabric, and the role of fabric change on 
compressibility (Cascante and Santamarina, 1996). Similarly, the thermal conductivity kT 
[W.m-1.K-1] is linearly related to effective stress in a log-normal scale as (Chapter 3 & 4): 
)]kPa1'σlog(β+1[k=k 1            (5.3) 
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Where k1 [W.m
-1.K-1] is the thermal conductivity at 1 kPa at a given tmperature 
and β is the indicator parameter for stress-sensitivity of thermal conductivity. The small-
strain stiffness and thermal conductivity are affected by diagenesis, such as pressure 
dissolution-precipitation in wet or saturated soils and cementation (Acar and Eltahir, 
1986). Pressure dissolution-precipitation has been r ported in oil sands. By measuring the 
shear wave velocity at different levels of stress, both small and large strain stiffnesses can 
be captured that are a measure of the compressibility of the medium (Cha et al., 2014).  
Effect of Frequency. In-situ seismic methods operate at frequencies that range 
from 0.1 Hz to 10 Hz. This range is much lower than the frequencies commonly imposed 
in laboratory tests: 10 Hz to 100 (typical piezocrystals) (Eastwood, 1993; Santamarina et 
al., 2001). 
Hydrocarbons are viscous, i.e., the shear resistance is proportional to the shear 
rate γ.η=τ & . In addition, they have a shear-thinning behavior Ma tin-Alfonso et al., 2006 
so that the viscosity η [Pa.s] decreases with shear rateγ& [s-1]. Consequently, the shear 
wave velocity is frequency-dependent and laboratory values will be different to field 
values measured at lower frequencies. 
 
5.3. EXPERIMENTAL PROCEDURE  
Specimen. A disturbed sample of extra heavy oil-bearing sand from the Orinoco 
Belt in Venezuela is tested in this study. The oil c ntent is 16.4%. A washed specimen 
(washed with Kerosene and oven-dried; then, washed with alcohol and boiled in 
deionized water and oven-dried) is also tested as part of this study. 
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Device. A series of one-dimensional consolidation tests are conducted in a 
stainless steel cylindrical cell (inner diameter 71.6 mm, wall thickness 24.5 mm and 
height 76.2 mm). The cell and the two caps are mounted within a stainless steel reaction 
frame designed to be housed within a convection oven (d sign sheets are provided in 
Appendix C). Both upper and lower caps are “floating type” to slide into the cell; 
furthermore, the cylinder is covered with a double layer of grease-and-polymer wrap to 
minimize side-friction. A schematic view of experimental device is shown in Figure 
5.7.a. Both upper and lower caps have drainage paths connected to exit ports, and the 
caps surface is covered by a thin textile layer to av id sand from draining out. 
A hydraulic cylinder is mounted in series with the soil chamber (10 tons, ENERPAC 
RCS101). It is connected to a pressure booster that converts a pneumatic pressure into a 
hydraulic pressure and magnifies it up to 140 times. All fittings and hose are rated for a 
pressure of 69 MPa. The pressure circuit is sketched in Figure 5.7.c. 
Instrumentation. The upper cap houses a thermal needle probe to measure the 
thermal conductivity of the medium. An LVDT is used for settlement measurements. 
Both sensors were calibrated at room temperature and an elevated temperature of T = 70 
˚C. Bender elements are installed in the center of both caps to monitor the evolution of 
shear wave velocity in specimen with varying stress and temperature. Parallel-type 
bender elements (12.7×8.0×0.6 mm) are used for boths urce and receiver; they are 
mounted in nylon screws using epoxy. Elements protrude ~5 mm into the specimen. The 
tip-to-tip distance is calculated for each shear wave measurement based on the specimen 
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Figure 5.7. Experimental device. (a) Assembled self-reacting stainless steel 
frame, thick-wall consolidation cell with floating caps, and hydraulic cylinder, (b) 

















Oil Out Oil In 



















Procedure. Thin layers (5 mm thick) of the weighed material are compacted 
inside the cell using a cylindrical rod (50 blows per layer, W=100 g, dropping 
distance=50 mm). The specimen height is measured aft r assembling all parts. 
Specimens are incrementally loaded to reach a maximum vertical stress of ~18 
MPa. The high temperature is provided using an oven. In high temperature experiments, 
the specimen is loaded up to 1.25 MPa at room temperatur  first. Then, the specimen, the 
hydraulic cylinder and frame system (excluding the pump) is heated inside an oven until 
the temperature inside the specimen reaches to the specified temperature (Figure 5.8).  
 
 
Figure 5.8. Temperature history for all tests. Small temperature pikes correspond to 
thermal conductivity measurements. 
 
Successive increments in vertical stress are imposed at ~1 hour intervals, until 
reaching to the maximum stress (18 MPa), when the specimen is allowed to creep under 
the constant stress for ~20 hours. Unloading is conducted in stages until the vertical stress 
reaches to σ’=1.25 MPa. The oven is turned off, and the temperature inside the specimen 
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gradually decreases to the room temperature. Finally, the specimen is completely 
unloaded at room temperature. The specimen height, thermal conductivity and shear 
wave velocity are measured throughout the complete test sequence. 
A 400 g sample of the original “as received” sediment and 400 g sample of a 
tested specimen (loaded up to 18 MPa and heated up to 89 ˚C) are washed separately with 
Kerosene, boiled in water for 2 hours, washed with isopropyl alcohol, boiled in deionized 
water for 15 minutes, and finally oven-dried for 24hours. The original liquid (oil and 
brine) content and specific gravity are measured using the “as received” specimen. SEM 
images are taken from both specimens to explore particle shape (Cho et al., 2006) and 
surface features (Figure 5.9). Additional tests are performed to determine the grain size 
distribution, ferromagnetic content, and extreme void ratios emax and emin of these two 


















Figure 5.9. Scanning electron microscope images of: (a) As-receiv d sand. (b) 
Tested sand (loaded up to 18 MPa and heated up to 89 ˚C). Samples were Kerosene- and 





























Figure 5.10. Grain size distribution and extreme void ratios for as received and 
tested (σ’max=18 MPa and Tmax=89 ˚C) oil-bearing sand. 
 
5.4. EXPERIMENTAL RESULTS 
The data reduction procedure and salient observations follow: 
- There are evidences of particle crushing under highstress and high temperature. 
- There is a high quartz content (98%) in these sedimnts and there are evidences of 
crystal overgrowth and pressure dissolution and preci itation and conchoidal 
fractures on sand particles. 
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- Particles are mostly angular with fresh edges and crushed surfaces that are more 
readily recognizable in loaded specimens. 
- The sediment has no ferromagnetic content. 
- Specimen void ratio values, calculated from the settlement, specific gravity 
(GS=2.68) and pore-liquid content (w=0.164) measurements (ρd=ρt/(1+w), 
e=ρs/ρd-1), are plotted versus vertical effective stress in Figure 5.11 for all 
specimens tested at different temperatures. Althoug the initial state of the 
specimens is slightly different, they converge to almost the same void ratio at the 














Vertical Effective Stress σ'v [MPa]
T = 22 ˚C, Cc=0.21
T = 63 ˚C, Cc=0.22
T = 89 ˚C, Cc=0.18
T = 92 ˚C, Cc=0.20
T = 76 ˚C, Cc=0.18
 
Figure 5.11. Void ratio versus vertical effective stress. The compression index, 
computed between σ’=3.7 MPa and σ’=18.7 MPa, is shown for all 
specimens. 
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- Specimens creep under the highest vertical stress, but it is higher at high 
temperatures. Deformation is the same for both specimens tested at 63 and 89 ˚C 
under 18 MPa vertical effective stress (Figure 5.12).  
 
Figure 5.12. Effect of temperature and initial void ration on creep rate under a 
vertical effective stress σ’=18.7 MPa. 
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Figure 5.13. Wave signatures during loading and unloading for the test 
conducted at T = 63 ˚C on oil bearing sand. 
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- Figure 5.14 shows the effects of oil-saturation andthe temperature on small strain 
stiffness of oil sand. The first arrival time is selected on an output signal (Voltage 
V [V] vs. time t [ms]) and the shear wave velocity VS [m.s
-1] is computed by 
dividing the tip-to-tip distance L [mm] by the first arrival time tfa [ms]. 
100
1000

















Vertical Effective Stress σ'v [MPa]
T = 22 ˚C
T = 63 ˚C
T = 89 ˚C
T = 92 ˚C
T = 22 ˚C
T = 63 ˚C
T = 89 ˚C




Figure 5.14.  Compressional and shear wave velocity data during loading for 
oil-bearing sand (data shown for loading only). 
 
- Compressional and shear wave velocities increase with effective stress for all dry 
and oil-bearing sediments tested at different temperatures (Figure 5.14). 
- Overall, the compressional wave velocity decreases with temperature for oil-
bearing sediments, but the effect vanishes at high stresses so that VP of all oil-
bearing specimens tested at different temperatures converges to a single value 
beyond 9 MPa vertical stress (Figure 5.14.a). 
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- The shear wave velocity for oil-bearing specimens icreases with temperature 
(Figure 5.14.b). 
- Figure 5.10 shows that extensive crushing occurs duing the test (loading up to 18 
MPa and heating up to 89 ˚C). This process changes the grain size distribution, 
emax, and emin of the sediment after the test. 
- Figure 5.15 shows that the frequency of P- and S-wave velocities increase with 
stress. 
- Figure 5.16.a shows a typical dataset of temperature evolution with time for 
measurement of thermal conductivity. The slope of the linear part of the 
temperature versus the logarithm of time is used for thermal conductivity 
calculation. 
- The thermal conductivity of all specimens increase with stress (Figure 5.16-b). 
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Vertical Effective Stress σ'v [MPa]
T = 22 ˚C
T = 63 ˚C
T = 89 ˚C
T = 92 ˚C
 
Figure 5.15. The frequency of: (a) compressional, and (b) shear wave velocities versus 















































Vertical Effective Stress σ'v [MPa]
T = 22 ˚C
T = 63 ˚C
T = 89 ˚C
 
 
Figure 5.16. (a) Typical dataset for temperature versus time from thermal 
conductivity measurement - Case: T = 63 ˚C and σ’ = 8.8 MPa during 






5.5. ANALYSES AND DISCUSSION 
Results from this study have implications to the stability of shallow open-pit 
mining slopes, subsidence prediction, deep wellbore int grity, design of thermal 
stimulation and production wells, and production analyses. 
Given the fact that these formations have taken the ov rburden stress for 
thousands of years without getting drained to surrounding media suggests that they had 
been completely consolidated for a long geologic time before the light oil migrated into 
them and then weathered; thus, extraction of oil should not cause significant settlement or 
instability. Experimental results in this study show that the presence of viscous oil has no 
effect on mechanical properties of oil-bearing sediments. 
 Material type and inter-particle contact condition can be estimated by the 
variation of elastic wave velocity with respect to effective stress. If solid coarse particles 
(sand) are not in close contact, as some researchers (Mossop, 1980) suggest, the bulk 
modulus of the solid-fluid mixture can be defined by that of a suspension. This is not 
readily possible because oil sand reservoirs have tk n the overburden load for thousands 
of years and this is only possible through contacting particle chains and mobilization of 
effective stress. Second alternative of microstructure of oil sands is that sand particles are 
in plane-to-plane Dusseault and Morgenstern, 1978 conta t with water-saturated clay 
minerals coating their surface and precipitated around the contact points (cementation at 
menisci). b exponent in power relation between the stiffness and stress is 0.5 for such 
contacts. Data in this study indicates b=0.4, 0.5 and 0.6 for specimens tested at 89, 63 and 
22 ˚C which are indicator of the contact behavior. Last alternative is a convex-to-concave 
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- The shear wave velocity, which is an indicator of small strain and constant fabric 
stiffness, increases with both stress and temperatur  because the mineral-to-
mineral contact gets improved. 
- The compression index, which is an indicator of mid-strain stiffness and particle 
rearrangement, is independent of temperature. 
- Time-dependent behavior of viscous oil-bearing sedim nt at high stress shows no 
clear dependency on the temperature; hence, it is mineral-controlled. 
- The thermal conductivity decreases with temperature, which is an indicator of 
high quartz content. 
- The thermal conductivity increases with effective str s, which is due to improved 
inter-particle contacts and decreased contact thermal resistance. 
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ENHANCED RESOURCE RECOVERY: 
HYDRAULIC FRACTURE IN PRE-STRUCTURED MEDIA 
   
 
6.1. INTRODUCTION 
Hydraulic fracturing is commonly used to enhance resource recovery in oil, gas, 
water, and geothermal reservoirs (Yuster and Calhoun, 1945; Clark, 1949; Solberg et al., 
1980; Holditch et al., 1990; Jeffrey et al., 1998; Palmer et al., 2007), for deep waste 
injection (Delaguna, 1966; Dusseault, 1995),  and to assess in-situ state of stress (Kehle, 
1964; Haimson and Fairhurst, 1969). 
Extensive experimental, analytical and numerical studies have been conducted to 
understand the evolution of hydraulic fractures in various geomaterials. Previous studies 
can be categorized into four main groups. Hydraulic fractures in homogeneous, 
continuous media are planar discontinuities that propagate normal to the least principal 
stress direction (Table 6.1 - Category #1); the fluid pressure required to create these 
fractures is determined by the medium’s tensile strngth. In uncemented sediments with 
no tensile strength, hydraulic fractures are controlled by the effective stress-dependent 
frictional strength (Table 6.1 - Category #2); these opening-mode discontinuities result 
from the balance between skeletal forces induced by the far field effective stress, viscous 
drag and capillary forces. Propagating fluid-driven fractures, in the third group, interact 
with pre-existing fractures. Most studies have focused on homogenous media with a 
single pre-existing fracture, which is subjected to hydraulic fracturing.  
 
139 
Table 6.1.  Previous studies on hydraulic fracture – Conditions a d assumptions 
 (1) Cohesive, intact rocks 
(2) Uncemented sediments 
 (d << L) 
(3) Sporadically fractured 
rocks 
(4) Pre-structured rocks 









   
Dominant 
Behavior 
Tensile failure (LEFM) 
Particle-scale interactions 
(effective stress-dependent) 
HF and natural fracture 







Harrison et al., 1954 
Irwin, 1957 
Hubbert and Willis, 1957 
Perkins and Kern, 1961 
Haimson and Fairhurst, 1969 
Settari and Cleary, 1984 
De Pater et al., 1994 
Wang et al., 1994 
Yew, 1997 
Economides, 2000 
Zhang et al., 2005 
Economides et al., 2007 
Wu et al., 2007 
Bjerrum et al., 1972 
Dusseault, 1988 
Atkinson et al., 1994 
Soga et al., 2006 
Shin and Santamarina, 2010 
Holtzman et al., 2012 
Lamont and Jessen, 1963 
Daneshy, 1974 
Zoback et al., 1977 
Warpinski et al., 1982 
Lam and Cleary, 1984 
Teufel and Clark, 1984 
Blanton, 1986 
Blair et al., 1990 
Heuze et al., 1990 
Renshaw and Pollard, 1995 
Potluri et al., 2005 
Adachi et al., 2007 
Zhou et al., 2008 
Akulich and Zvyagin, 2008 
Zhang et al., 2009 
Rahman et al., 2010 
Chuprakov et al., 2011 
Batchelor and Pine, 1984 
Warpinski and Teufel, 1987 
Dusseault, 1988 
Harper and Last, 1990 
Last and Harper, 1990 
Britt et al., 1994 
Kohl and Hopkirk, 1995 
Bhasin and Hoeg, 1998 
Beugelsdijk et al., 2000 
Chen et al., 2000 
Kulatilake et al., 2001 
Rutqvist and Stephansson, 2003 
De Pater and Beugelsdijk, 2005 
Jeffrey et al., 2010 
Dusseault, 2011 
 






Results show that the interaction depends on factors such as the fractures’ 
approach angle, in-situ state of stress, rock toughness, joint friction and aperture, 
injection rate/pressure and fluid viscosity (Table 6.1 - Category #3).  
Hydraulic fracture formation and growth in pre-structured (blocky) media remains 
less understood (Table 6.1 - category #4). Fracture mapping techniques reveal that in 
most cases of fully-fractured subsurface rock masses, there are three sets of mutually 
perpendicular joints to the extent that a fully, blocky medium is formed (Figure 6.1).  
 
 
Figure 6.1. Black Canyon of the Gunnison National Park, Colorad  
(www.terragalleria.com). Also refer to NRC, 1996. 
 
Microseismicity reveals the strong influence of pre-existing fractures on the 
complex propagation of hydraulic fractures and the development of multiple branches in 
subsurface pre-structured media. Multistage fracturing has been developed as an attempt 
to optimize the stimulation processes in such complex media (Warpinski et al., 2009; 
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Maxwell et al., 2011; Mayerhofer et al., 2011). Clear y, the generation and propagation of 
hydraulic fractures in a pre-structured medium must reflect the coupling between the 
mechanical and hydraulic characteristics of the medium (e.g., joint pattern; opening-
dependent fluid conductivity; block rotation/slippage/interlocking, and shear dilation), the 
in-situ state of stresses and stress anisotropy. 
The purpose of this study is to investigate the respon e of pre-structured blocky 
media subjected to the generation of an open-mode discontinuity and the implications on 
the surrounding medium. The study combines experiments and analytical solutions. 
6.2. EXPERIMENTAL STUDY AND RESULTS 
An experimental study was designed to explore the response of a tightly packed 
(low-porosity), blocky medium to an imposed disturbance. The pre-structured medium is 
modeled experimentally as an assemblage of impermeable, equal-size Acrylic blocks 
(size of 25.4×13×13 mm – Figure 6.2.b). Assemblages ar  formed with two different 
internal structures specified by overlap ratios of 50% and 90%, which is defined as the 
percentage by which a block in the layer above covers a block vertically below (Figure 
6.2.a).  
6.2.1. Boundary Conditions 
The blocky medium is packed between two rigid plates to simulate plane-strain 
conditions εy=0. A parallel series of tests are conducted with eer stress-free σx=0 to 
simulate shallow and less constrained formations or fixed εx=0 lateral boundary 

























    Single block 
 
Imposing displacement on a block 
 




Imposing displacement on two blocks 
Figure 6.2.  Experimental study. (a) Tested internal structures. (b) Assemblage 




High-resolution time-lapse photography is used to reco d the displacement field 
as observed through the transparent front plate (Plxiglas). In addition, we record the 
exerted force with respect to each level of imposed displacement on two blocks at the 
lower boundary (Figure 6.2.c). An open-mode discontinuity is generated by displacing 
two blocks at the very bottom row upwards. Images are made during loading and 
unloading of blocky media with two different internal structures (50% and 90% inter-
block overlap), and fixed and free lateral boundary conditions are shown in Figure 6.3.
       13 
      13 




Figure 6.3. Experimental study – Imposed displacement tests (set #2). Observed dilational distortion during loading and 
unloading for various cases of imposed displacement: on a block, on a joint, or on two blocks. Results are 
shown for two internal structures, with either 50%  or 90% overlap, under fixed and free lateral boundary 
conditions.
 
Bottom displacement imposed on: 
One Block One Joint Two Blocks 

















































The blocky mass experiences dilational distortion away from the imposed 
displacement at the lower boundary. The propagation of the perturbation is intimately 
related to the pattern of the internal structure, resulting in marked “wing” openings that 
propagate upwards at angles that reflect the structure of the blocky medium and boundary 
conditions; in particular, columnar structures form when there is a large overlap between 
blocks. Far-field distortion occurs mostly within the area enclosed by the wing openings 
(Figure 6.3). 
Irreversible residual deformations remain locked-in upon unloading (documented 
in Figure 6.3 – images in unloading column). This form of “self-propping” is caused by 
blocks that slip under neighboring blocks i.e., kinematic propping, or frictionally trapped 
block misalignment, i.e., static propping. The efficiency of proppant-free or waterfrac 
field treatments confirms self-propping effects following dilation being recognized as 
mobilization of Coloumbian shear resistance in the past (Mayerhofer et al., 1997; Chen et 
al., 2000; Hossain et al., 2002). Results obtained i  this study show that even without 
mobilization of Coloumbian shear resistance, the blocky medium dilates by kinematic or 
static self-propping. 
The block displacement δi in successive i-th layers away from the “main 
fracture,” is normalized by the first layer displacement δo, “the imposed displacement,” 
and plotted versus the layer number i = zi/Hb in Figure 6.4. The increase in vertical 
displacement reflects the cumulative effects of kinematic dilation. The dilational 
distortion is diminished at high stress due to block and joint deformations. Block splitting 
and corner crushing will hinder dilation as well. Figure 6.5 shows the results of numerical 
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simulations (conducted by Hosung Shin) for dilational distortion at different stress levels 































Figure 6.4.  Experimental results. Layer displacement normalized by the 
displacement of the main fracture opening versus layer number 
above imposed displacement – conditions: displacement imposed 
on one block “b” or two blocks “2b” under either free or fixed 
lateral boundaries. 
 
Force-displacement data collected during these tests show a hysteretic, elasto-
plastic response (Figure 6.6). The force required to displace a single block is 5-to-10 
times the overburden weight above the element depending on the pattern of internal 
structure of the blocky medium. Higher values apply to 50% overlap and zero lateral 







































Figure 6.5.  Dilational distortion at different stress levels and stress field. (a) Layer 
displacement normalized by the displacement at the fracture wall versus 
layer number above injection point. (b) Change in induced mean stress 

























Figure 6.6.  Experimental results. Force imposed to displace on  block about 
one block height normalized by the weight of the overburden 
above that block versus imposed displacement normalized by the 
block height Hb. 
 
6.3. ANALYSES AND DISCUSSION 
The regular fabric of pre-structured media lends itself to simple geometrical 
analyses that provide unique insight into the evoluti n of the formation during the 
generation of opening-mode discontinuities. The inclinations of wing openings β with 
respect to the horizontal orientation in the counterclockwise direction can be expressed as 


















sλβ             (6.1) 
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The wing angle is β=45° for the internal structure with overlap ratio s/Lb=0.5, and 
β=79° for overlap ratio s/Lb=0.9. Wing openings can be major conduits for fluid transport 
into the main fracture and then to the production well. 
As layers bend around the main fracture, changes in local porosity ∆n are related 
to the relative rotation angle θ [rad] between contiguous blocks (Inset in Figure 6.4). A 
Taylor expansion of the geometric solution predicts that ∆n≈2θ/rad; hence, a relative 
rotation of  ≅ 1° corresponds to an increase in local porosity of ∆n=3.5% in a blocky 
structure with overlap ratio s/Lb=0.5 and block slenderness λ=Lb/Hb = 2. 
Fractures in situ involve a large number of blocks, LF/Lb>>1. The average joint 
aperture e for joints normal to the main fracture is a function of the main fracture opening 



















































=∆=         (6.2) 
The height and width of these discrete openings betwe n the blocks in contiguous 













Consider a long fracture length LF = 20 m that has opened OF = 0.2 m: on 
average, transverse joints will open 0.1 mm when blocks are Lb = 1 m long. 
The opening of joints associated to block rotation or fracture-induced extensions 
have a pronounced effect on fluid conductivity. The fluid conductivity K [m/s] of a 
jointed rock mass with joint aperture e [m] and spacing Lb [m] traversed by a fluid with 







γ=               (6.3) 
Combining Equations 6.2 and 6.3, the conductivity of transverse joints is strongly 

















γ=             (6.4) 
6.4. CONCLUSIONS 
High-pressure fluid injection in pre-structured media can cause opening-mode 
discontinuities that are distinct from hydraulic fractures in homogeneous cohesive or 
granular media. In particular: 
• The distortion of the surrounding medium creates extensive dilation around the 
discontinuity; the dilation decreases at high stres due to block deformation, splitting, 
or edge crushing. 
• The response of the pre-structured medium to the opning-mode discontinuity is 
strongly affected by its internal structure characterized by geometric parameters such 
as block size, slenderness and overlap length. 
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• Kinematically-controlled dilational distortion has a significant effect on the fluid 
conductivity in the pre-structured medium. A six-power relationship is anticipated 
between the enhanced conductivity and the inverse of the main fracture slenderness.  
• Frictional self-propping locks in dilational distori n and maintains high conductivity 
after depressurization. Self-propping develops more readily when the main fracture 
has low slenderness. 
• The injection pressure to create an opening-mode discontinuity in a pre-structured 
medium is internal structure dependent, and it can be much higher than the overburden 
stress due to the mobilization of high shear resistance and dilation. 
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7.1. SALIENT CONCLUDING REMARKS 
Various geomaterials can be involved in thermal energy geo-systems, in which they are 
subjected to high temperature and stress. In order to understand various geomaterials 
response to relevant excitations, series of experimental and analytical studies along with a 
data compilation were performed, in which some mechanical, thermal and hydraulic 
properties were investigated.  The scope of this work has included:  
1- Data mining and interpretation of stress- and temperature-dependency of 
the thermal conductivity of intact rocks. 
2- Evolution of mid-strain stiffness and thermal conductivity of various dry 
granular materials with stress, grain material, and particle surface treatment. 
3- Evolution of mid-strain stiffness and thermal conductivity of binary 
mixture of natural soils with grain size distribution, stress, and pore fluids. 
4- Evolution of small- and mid-strain stiffnesses, and thermal conductivity of 
oil sands with stress and temperature, 
5- Evolution of hydraulic conductivity of pre-structured media with fabric 
and stress. 
The detailed conclusions are presented at the end of each chapter. The main conclusions 
directly influencing thermal energy geo-systems follow. 
1- Many deep geothermal reservoirs and potential sealed repositories may include 
intact rocks and the thermal conductivity of these rock masses is a key parameter 
for their efficient selection and design. Data compiled from the literature suggest: 
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• The thermal conductivity of most rocks with crystalline micro-structure and tight 
macro-structure decreases with temperature that is associated to: (1) the generation of 
micro-cracks between the randomly distributed minerals (poly-minerallic) and the 
randomly oriented crystals (mono-minerallic) due to the differential thermal expansion 
of components, and (2) sharp decrease in the mean fr e path of heat carrying phonons 
upon temperature rise. 
• The thermal conductivity of intact rocks is stress-sensitive despite their low 
porosity; however, it reaches to an asymptotic value t a characteristic stress level. 
 
2- In order to engineer the materials used in thermal energy geo-storage systems, 
their hydraulic, mechanical and thermal responses should be evaluated for 
different applications. The evolution of thermal conductivity with stress for 
different granular materials suggests:   
•   Stress enlarges the inter-particle contact areas and increases the inter-particle 
coordination number so that the contact thermal resistance decreases and the number 
of heat pathways increases. 
• The quality and number of inter-particle contacts are the controlling factors in the 
heat conductance through granular materials. 
• While the particle density could significantly affect the thermal conductivity of 
granular materials, the variation of mass density is not a sufficient indicator of the 
variation of the thermal conductivity. 
• Hollow, fine, and mono-sized particles made of amorph us materials at dry 
condition can provide a very low thermal conductivity that is not stress-sensitive 
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(however can be temperature-sensitive, i.e., the thermal conductivity of amorphous 
materials increases with temperature). 
• Patchy particle surface coating by metallic material and the mismatch between the 
electronic and phononic heat conduction through metallic and non-metallic materials 
hinders the beneficial effect of metals as the most efficient heat conductors. 
• Liquid-saturation provides the highest increase in the thermal conductivity of 
granular materials because the liquid decreases the contact thermal resistance 
sisgificantly by replacing the insulating air in particles surface imperfections. Other 
physical properties of pore-filling liquid must be selected carefully based on the 
imposed conditions in different applications. 
• 20 to 40 percent fine content in binary mixtures (constant mineralogy) can 
provide the highest packing density and the highest thermal conductivity by providing 
higher number of inter-particle coordination number. However, the mid-strain stiffness 
increases monotonically with fine content. 
 
3- Thermal and mechanical responses of oil sand reservoirs upon thermally 
enhanced oil recovery are important in the safety and design of the stimulation 
and production wells. 
• The thermal conductivity of oil sand decreases with temperature because of the 
crystalline micro-structure of sand particles (quartz-dominant), i.e., the mean free path 
of heat carrying phonons decreases with temperature. 
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• Sand particles are oil-coated. The increase in the small-strain shear stiffness with 
temperature verifies this fact because the oil flows out and the mineral-to-mineral 
contact that is the controlling factor in small-strain stiffness gets improved. 
• Mid-strain stiffness of oil sand, which is an indicator of fabric change and particle 
rearrangement behavior of the medium, is independent of the temperature 
(independent of the presence of the oil). 
• Viscoelastic (time-dependent) response of the oil sand is independent of 
temperature (independent of the presence of the oil hence mineral-controlled). 
 
4- Seismic subsurface mapping techniques show that in most shale gas and 
geothermal reservoirs (mostly granite), there are three sets of mutually 
perpendicular joints that make a fully blocky named as a pre-structured medium. 
The efficiency of fluid and heat recovery from such medium by means of 
hydraulically enhanced methods strongly depends on the geometric characteristics 
of its structure (fabric). 
• Kinematically-controlled extensive dilational distorti n away from the main 
hydraulically induced open-mode discontinuity is the unique deformational 
characteristic of a pre-structured medium, and it enhances the hydraulic conductivity 
of the medium significantly. 
• The effect of dilational distortion can be suppressed at very high stresses because 
of the rock block deformations and breakage. 
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• The rock blocks in the stimulated volume frictionally lock-in part of the openings 
generated due to dilation, and it keeps the productivity continuous even after 
depressurization. 
• The fluid injection pressure to generate the main open-mode discontinuity 
depends on the structure and it can be significantly (4-10 times) higher than the 
overburden stress. 
7.2. RECOMMENDATIONS FOR FUTURE WORK 
- Other physical properties of intact rocks must be explored similarly and be 
formulated because they all are interwoven with each other to determine the true 
response of geomaterials subjected to coupled thermo-hydro-chemo-mechanical 
excitations. 
- Physical properties of other types of geomaterials ncluding soils and 
fractured rocks must be documented at high temperature and stress, and 
physically-meaningful relationships must be developd because they all have 
applications in engineering solutions for modern energy-geosystems. 
There are many parameters and processes affecting the physical properties of 
geomaterials, listed below, that must be investigated: 
- The effect of pore fluid properties. 
- The effect of grain size distribution and shape. 
- The effect of constituent crystals structure and orientation. 
- The effect of macro-structure of the geomaterial: intensity, distribution, 
orientation, spacing, surface features, formation mechanisms, filling material of 
micro-cracks, joints, and faults. 
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- The effect of thermal and chemical decomposition of minerals 
- The residual effects of stress path during the formation history in the past 
and the imposed stress path by current operations/processes. 
- The effect of cyclic heating and cooling in dry and wet conditions 
(relevant to cyclic thermally enhanced resource recov ry and geothermal energy 
extraction) 
- The effect of boundary conditions. 
- Research about the effect of time, during which high temperature and high 
stresses persist, on geomaterials properties and responses. 
Research about metamorphism processes. The nature hs already produced new materials 




OTHER THERMAL PROPERTIES OF GEOMATERIALS AT HIGH 
TEMPERATURE AND STRESS 
 
A.1. HEAT CAPACITY  
Heat capacity is a fundamental physical property that affects the storage and 
transfer of heat in geomaterials. It is defined as the first derivation of heat content with 
respect to temperature; hence, it shows the amount f heat required to increase the 
temperature of a unit mass of a substance (1 kg) by a unit temperature (1 K). Pure water, 
at 15 ˚C and atmospheric pressure, has a heat capacity as high as four times of common 
rocks (4.18 kJ.kg-1.K-1); hence, water-saturated rocks have much higher heat capacity 
than dry rocks. Heat capacity Cp is defined for either specific mass [kJ.kg
-1.K-1] or 
specific volume [kJ.m-3.K-1]. The specific heat capacity at constant pressure and the 
specific heat capacity at constant volume for solid at room temperature are equal to 
within 1%. 
Table A.1 indicates the heat capacity of common rocks. Heat capacity of rocks 
appears to be dependent on the ratio of silica to alumina content. The lower is this ratio in 
a rock the higher is the heat capacity of that rock (Somerton, 1992). The high iron content 
decreases the heat capacity of shale. 
Major minerals of acidic and intermediate rocks, feldspar, quartz, pyroxenes, 
amphiboles, and mica, have specific heat capacities from 0.65 to 0.8 kJ.kg-1.K-1. Mafic 
rocks have higher specific heat capacities than felsic rocks. Carbonates and fluorite may 
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reach and exceed 0.9 kJ.kg-1.K-1. Opaque oxides have values close to typical silicates. 
Sulphide minerals have low values ranging from 0.2 to 0.55 kJ.kg-1.K-1 (Kukkonen and 
Lindberg, 1998). 
One way to determine the heat capacity of rocks is to calculate it using Kopp’s 
law. Based on Kopp’s law, the heat content of any compound material equals sum of the 
heat contents of its constituent elements. Having the heat content of rock-forming 
minerals (Kelley, 1960) and their volumetric fractions in rocks, we may calculate the 
volumetric heat capacity of multi-component rocks. The other alternative is to have mass 







=C             (A-1) 
For saturated rocks with one or more fluids, the heat capacity of constituent elements and 
their volumetric fractions are used to obtain the heat capacity of the compound material: 
)CρS+...+CρS+CρS(n+Cρ)n-1(=Cρ Pnnn2P221P11PssPb        (A-2) 
where the parameters are defined below: 
ρb: Density of fluid-saturated rock [kg.m-3] 
CP: Specific heat capacity of fluid-saturated rock [kJ.kg
-1.K-1] 
CV = ρb.CP: Volumetric specific heat capacity of fluid-saturated rock [kJ.m-3.K-1] 
n: Porosity of rock (Vvoid/VTotal) 
ρs: Mass density of solid particles [kg.m-3] 
CPs: Specific heat capacity of solid particles [kJ.kg
-1.K-1] 
Sn: Degree of saturation of the n-th fluid (Vn-th fluid/Vvoid) 
ρn: Mass density of the n-th fluid [kg.m-3] 
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CPn: Specific heat capacity of the n-th fluid [kJ.kg
-1.K-1] 
Heat capacity values for solid rock and pore-filling fluids must be measured at in-situ 
conditions (elevated temperatures and pressures).  
A.1.1. Techniques to Measure the Heat Capacity of Rocks 
Heat content is measured by an appropriate calorimeter and then heat capacity is 
derived. In this technique, the specimen with known mass ms [kg] is heated up to a 
certain temperature Ts [K] in a vessel filled with boiling water. Then the specimen is 
transported to the calorimeter that has a known heat capacity CC = 0.07 kJ.K
-1, known 
amount of water mw [kg] with temperature Tw [K] and specific heat capacity CPw = 4.18 
kJ.kg-1.K-1. The specific heat capacity of the specimen CPs [kJ.kg
-1.K-1] is obtained by 










=C                                  (A-3) 
This method has shown 5% uncertainty, which results from the heat loss when the 
specimen is transported. Some contamination is brought to the water from fine-grained 
material in the pores of a porous material (Kukkonen and Lindberg, 1998). 
The heat capacity of soils and rocks is measured by heat pulse method (King and 
Somerton, 1960; Campbell et al., 1991; Kluitenberg t al., 1993). In this measuring 
technique, two probes, one containing a heating wire and the other containing a 
thermocouple or a thermistor, are inserted into twosymmetrically drilled holes (about 6 
mm apart) inside a cylindrical specimen. Both devics are thermally coupled with the 
specimen by means of a proper material. The heating wire heats the medium for a 
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specified amount of time (8 s) and the thermocouple measures the temperature evolution 
over time. A model for conduction of instantaneously imposed heat away from an 
infinitely long line source is used to infer the heat capacity of the medium (Carslaw and 
Jaeger, 1959). In reality, however, the heat source is ylindrical, has a finite length, and is 
applied in a short time. Other assumptions include: th  geomaterial under testing is a 
homogeneous and isotropic medium, there is no thermal contact resistance between the 
medium and the needle probes, and the needles have infinitesimal heat capacity and 
infinitely large thermal conductivity.  
The temperature T [˚C] evolution in radial space r [m] away from the heat source 
and over time t [s] can be stated as a function of the heat imposed q [J] to the medium per 
length of heating wire Q [J.m-1], the thermal diffusivity DT [m
2.s-1], and the volumetric 
heat capacity of the medium CV [kJ.kg











           (A-4) 
VC
Q
=q              (A-5) 




=T              (A-6) 




=C              (A-7) 
Measurement precision of temperature, input heat and probe spacing determine 
the precision of calculated volumetric heat capacity. For example, 0.1 ˚C precision in 
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temperature measurement is required to achieve 1% precision in heat capacity 
(Kluitenberg et al., 1993). 
For dry rocks, the heat content is measured by Bunsen-type calorimeter which 
employs the method of mixtures (Kelley, 1941). The m asurement technique is based on 
a comparative method, in which the heat content of unknown specimen is measured 
relative to the known heat content of platinum specim n. 
Heat flux differential scanning calorimetry is a technique, in which we can 
measure how much heat is required to increase the temperature of a testing specimen. 
Powdered specimens are prepared for heat capacity measurements by this technique to 
ensure a proper thermal contact with the measuring crucible. Mass of the specimen is 
known m (80 mg), heat flux dQ/dt and the rate of increasing temperature dT/dt are 
measured between the testing specimen and a standard specimen (sapphire), and then the 






mCP             (A-8) 
A.1.2. Heat Capacity of Intact Rocks vs. Temperature 
Variation of heat capacity of simple substances with temperature was formulated 
by Debye (1914). The heat capacity of all minerals is temperature-dependent. For 
instance, the specific heat capacity of quartz and olivine increases 10-15% when the 
temperature changes from 25 to 100 ˚C (Kukkonen and Li berg, 1998). Average 
increase in specific heat capacity is 28% for igneous rocks, 26% for metamorphic rocks 
and 25% for sedimentary rocks when the temperature increases from 0 ˚C to 300 ˚C 
(Vosteen and Schellschmidt, 2003). 
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The heat capacity of rocks is also temperature-dependent, and it increases with 
increasing temperature. One study shows that while specific heat capacity increases with 
increasing temperature, it peaks at 550 ˚C probably because of α-β phase transition of 
quartz and then decreases at temperatures beyond that (Hirono and Hamada, 2010). 
Another study shows 12% increase in the heat capacity of granite, granodiorite, diorite, 
basalt and granulite when the temperature increase from 25 to 100 ˚C (England, 1978). 
Figure A.1 indicates increase in heat capacity of some types of rocks with increasing 
temperature in dry condition. Usually, the increase in heat capacity of rocks with 
increasing temperature is captured by a linear relationship with respect to temperature 
rise ∆T = T – To [˚F] and the corresponding heat capacity at To [˚F], CPo [Btu.lb-1.˚F-1]: 
T∆.β+C=C PoP             (A-9) 
The heat capacity of saturated rocks by one or more fluids also increases with 
increasing temperature. The heat capacity of water nd methane increases with both 
pressure and temperature. 
The density of water has been expressed as a function of temperature T [˚C], 
volumetric thermal expansion of water at specified t mperature βw, and its density at 20 








         (A-10) 
where the volumetric thermal expansion of water is also expressed as a function 
of temperature: 
28-6-4-
w T10×09.1+T10×32.1+10×115.2=β       (A-11) 
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Two models have been developed to predict the variation of the heat capacity of 
water with temperature at two different temperature ranges: 
For  20 < T < 290: T10×44.0-0145.1=Cρ 3-Pww      (A-12) 
For 290 < T < 373: ])290-T(10×234.0+)290-T(10×481.0[-Pww
23-2-
e885.0=Cρ    (A-13) 
Density of rock solids has been expressed similarly s a function of temperature 













s           (A-15) 
One of the existing models for the heat capacity of rocks with respect to 
temperature is (Somerton, 1992): 
155.0
Ps T×108.0=C           (A-16) 





Pss          (A-17) 
Having ρsCPs, ρwCPw, ρoCPo, porosity n and degree of saturation of each pore-
filling fluid, Sw and So, we can calculate ρbCPb of the bulk medium (ignoring the effect of 
air at high saturations). 
Variation of specific heat capacity of several rock types with increasing 
temperature was fitted by a number of polynomial equations with slightly different fitting 
coefficients (Nabelek et al., 2012; Miao et al., 2014). The original form of this equation is 
called Maier-Kelly function (Richet, 2001): 
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5.0-2-
P dT+cT+bT+a=C          (A-18) 
Where a [kJ.kg-1.K-1] is the specific heat capacity at T = 0 K. b, c and d are other 
fitting parameters that have been proposed for several rock types (Nabelek et al., 2012).  
A.1.3. Heat Capacity of Intact Rocks vs. Stress 
Mass specific heat capacity is insensitive to effectiv  confining stress while 
volumetric specific heat capacity increases with increasing confinement depending on the 
compressibility of the rock structure (Somerton, 1992) because the heat capacity of rock-
forming minerals is higher than that of the air. 
A.2. THERMAL DIFFUSIVITY 
The thermal diffusivity of any material shows how fast the heat is transferred 
inside a medium under transient condition. In other wo ds, how fast the temperature of 
different points inside a medium changes over time.  
One dimensional heat diffusion equation, or simply called heat equation, is 
derived using the continuity of heat equation and the equation of Fourier’s heat 
conduction. Suppose a very long rod of a homogeneous material with cross-section area 
of A [m2]. A temperature gradient has been imposed to the rod so that the temperature 
T(x,t) [K] of every point on the rod x1 [m] changes with time t [s]. Heat contained in an 
infinitesimal volume A.∆x [m3] of rod is obtained by the temperature of that section of 
rod and the volumetric heat capacity Cp [kJ.m
-3.K-1] of the material (Cp.T.A.∆x). In a time 






C=Q∆ p           (A-19) 
On the other hand, heat q.A.dt flows into the section ∆x of rod and heat 
A.dt[q+(∂q/∂x)∆x] flows out of it because the temperature changes over time and space. 
q [W.m-2] is the heat flowing through unit area at unit time. Accumulation of heat in the 




(A-=Q∆           (A-20) 
Equating equations 1 and 2 because of conservation of heat in the infinitesimal 






CP           (A-21) 
Fourier’s heat conduction indicated that the evoluti n of temperature in space is 
proportional to the heat flowing through unit area q [W.m-2] with proportionality 
coefficient of k [W.m-1.K-1], thermal conductivity of the material. 
x∂
T∂
-k=q             (A-22) 
Combining the continuity equation above (Equation 3) with the equation of 











          (A-23) 
The coefficient of thermal diffusivity DT [m
2/s] is equal to k/Cp in equation 5. 
Dividing the volumetric heat capacity by the mass density ρ [kg.m-3], the specific heat 





ρ=D             (A-24) 
A.2.1. Techniques to Measure the Thermal Diffusivity of Rocks 
 Laser-flash technique is a non-contact method that avoids the thermal contact 
resistance between the measuring apparatus and testing specimen (Abdulagatov et al., 
2006). Graphite and silver coating on the surfaces of the specimen suppresses the direct 
radiative heat transfer, so the pure conduction phenomenon is captured. A laser source 
sends a pulse through the specimen, which has been placed inside a furnace filled with Ar 
gas, and the temperature evolution inside the specimen is recorded on a detector. When 
the phonon, generated at the bottom of the specimen, reaches to the top surface, it emits 
an infrared radiation which is recorded by an Indium Antimonide (InSb) detector. 
Thermal diffusivity is calculated using the following equation, in which l is the specimen 
thickness (5.13 mm) and t50 is the time when the upper surface of the sample reaches half 







A.2.2. Thermal Diffusivity of Intact Rocks vs. Temperature 
The thermal diffusivity of intact rocks decreases with increasing temperature. It is usually 
be found to be proportional to the reciprocal of the absolute temperature (Seipold and 
Gutzeit, 1980). This can be also seen in Equation (6) above that based on experimental 
observations thermal conductivity usually decreases, the specific heat capacity increases, 
and the mass density remains almost constant with temperature; hence, the thermal 
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diffusivity decreases upon temperature rise. 25-44% decrease in thermal conductivity of 
all three types of rocks results in 42-54% decrease in their thermal diffusivity (Vosteen 
and Schellschmidt, 2003). The thermal diffusivity of granulite, amphibolite and gneiss 
decreases by 35-45% with increasing temperature from 20 to 450 ˚C (Ray et al., 2008). 
Higher decrease on 50-75% is reported for various rocks from different origins for 
temperature increase of 25-525 ˚C Hanley et al., 1978. A high value of 82% decrease is 
also reported for clinopyroxenes (Hofmeister and Pertermann, 2008). Another study 
shows that thermal diffusivity of rocks decreases from 2 to 0.5 mm2/s upon temperature 
rise from 25 to 950 ˚C and concludes that the hot middle-lower crust (z = m) acts as an 
effective insulator (Whittington et al., 2009). 
Experimental studies show that the thermal diffusivity of tested rocks decreases with 
increasing temperature up to 600 ˚C and then stays constant at 600-800 ˚C. This 
transition in behavior is because of α-β phase transition of quartz (Hirono and Hamada, 
2010). However, other experimental studies show that the thermal diffusivity approaches 
to an asymptote at about 1130 ˚C (Hofmeister and Pertermann, 2008). Figure A.2 shows 
that the thermal diffusivity of plutonic rocks decrases with increasing temperature and 
reaches to an asymptote at high temperatures. 
Saturation by water increases the thermal diffusivity of rocks. This increase is 
measured about 24% for granite, basalt, granodiorite, sandstone, marble, limestone, 
quartzite (Hanley et al., 1978). 
A.3. VOLUMETRIC THERMAL EXPANSION 
Thermal expansion of a non-metallic solid is determined by two factors: internal 
stress generated by temperature change and the elastic stiffness of the material. In many 
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non-metallic crystals both those factors show considerable anisotropy which leads to 
expansion coefficients and associated Gruneisen parameters varying significantly with 
temperature and from one material to another (Guy K. White: Thermal expansion of non-
metals).  
Temperature rise increases the amplitude of lattice v bration and this causes all 
materials to expand (Yates et al., 1972). During this process, the shape and size of any 
material change. Coefficient of volumetic thermal expansion for homogeneous materials 








Crystal structure, temperature and heat capacity of minerals affect their thermal 
expansion. Temperature, effective stress, porosity, d stribution of pores and cracks, and 
properties of pore-filling fluid affect the thermal expansion of rocks (Siegesmund et al., 
2000). 
Minerals with cubic crystals expand isotropically. Minerals with other shapes 
(hexagonal and tetragonal), however, experience anisotropic thermal expansion. Rocks 
usually contain a variety of different minerals in type, shape, and fabric, i.e., rocks show 
anisotropic thermal expansion. Quartz and mica cause the major part of thermal 
expansion in rocks. 
Volumetric thermal expansion is higher and more anisotropic for quartz-rich rocks 
because of higher and more anisotropic thermal expansion of quartz. Mica minerals are 
sheet-like and orient accordingly to make parallel structure. This special heterogeneous 
structure favors more anisotropic thermal expansion. The distribution of pores and cracks 
also affects the value of thermal expansion in different directions. Granite with 
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anisotropically distributed pores and cracks shows a very anisotropic thermal expansion 
(Cooper and Simmons, 1977). In layered rock masses or sheet-like minerals, thermal 
expansion is minimum perpendicular to the orientation of layers. Grains expand and fill 
the pores and pre-existing fractures, i.e., the thermal expansion manifest less 
perpendicular to the direction of bedding plane andligned cracks. 
Thermal expansion of most materials increases with increasing temperature due to 
increasing the amplitude of lattice vibration. The anisotropy of thermal expansion 
decreases at high temperatures due to preferred orintation of thermal cracks in oppose to 
randomly distributed original ones (Huotari and Kukkonen, 2004). However, the thermal 
expansion of minerals and rocks is in the order of 10-5 ˚C-1 (Tables A.1 and A.2). This 
means that mass density variation upon increasing temperature can be neglected (Vosteen 
and Schellschmidt, 2003). Figure A.3 shows the variation of the coefficient of volumetric 
thermal expansion versus temperature. 
The effect of effective confining stress is erratic. For example, the thermal expansion 
of diorite increases upon loading while that of granite decreases with loading (Larson, 
2001). Bulk volumetric thermal expansion was approximated having the volume fraction, 











Table A.1.  Selected thermal properties of common rocks. 
Rock type Heat capacity Cp [kJ.kg
-1.˚C-1] 
Coefficient of volumetric thermal expansion β [˚C-
1] 









Gabbro 0.98 5.4×10-6 0.97 





Andesite  2.9×10-6  
Rhyolite  3.3×10-6 1.9 








Table A.1.Continued.   Selected thermal properties of common rocks. 
Rock type Heat capacity Cp [kJ.kg







Shale 0.63   
Siltstone 0.79-0.87  1.08 
Gypsum 1.08  0.96-1.10 
Rock salt  12×10-4 3.1 (T=50˚C) 
Anhydrite   1.7-2.6 (T=50˚C) 
Limestone 0.84-0.92 3.3×10-6  
Dolomite 0.80-0.92  0.99 
Coal 1.26   
Gneiss 1.10  0.75-1.5 
Tonalite gneiss 0.83-0.83 (T=99˚C) 8.1×10-6 1.30 
Mica gneiss 0.79-0.85 (T=99˚C) 9.5×10-6 1.17 
Marble 0.88 2.9×10-6  
Quartzite  11×10-6  
Schist 1.10  0.96-1.85 




Table A.1.Continued. Selected thermal properties of common rocks. 
Rock type Heat capacity Cp [kJ.kg
-1.˚C-1] Coefficient of volumetric thermal expansion β [˚C-1] Thermal diffusivity α [mm2/s] 
Slate  9×10-6  
Granulite 0.810-0.816 (T=99˚C)  1.2-1.5 
Sources: Dane, Jr., 1942; Birch and Clark, 1940a; Birch et al., 1942; Kappelmeyer and Haenel, 1974; Kjorholt et al., 1992; Somerton, 
1992; Poelchau et al., 1997; Sharma, 1997; Kukkonen and Lindberg, 1998; Scharli and Rybach, 2001; Cote and Konrad, 2005a; 












Table A.2. Selected Thermal properties of common rock-forming minerals. 
Mineral Heat capacity Cp [kJ.kg














Muscovite 0.760 35.37×10-6 













Table A.2.Continued. Selected thermal properties of common rock-forming minerals. 
Mineral Heat capacity Cp [kJ.kg











Zircon 0.610 (T=60˚C)  
Garnet 0.740 (T=58˚C) 15.46×10-6 
Sillimanite 0.743 (T=0˚C) 13.29×10-6 
Calcite 0.800-0.880 
400×10-4 (∥) 
1900×10-4 (⊥)  
(T=100 ˚C) 
Dolomite  22.58×10-6 






Table A.2.Continued. Selected thermal properties of common rock-forming minerals. 
Mineral Heat capacity Cp [kJ.kg
-1.˚C-1] Coefficient of volumetric thermal expansion β [˚C-1] 
Magnetite 0.600 (T=0˚C)  
Hematite 0.620-0.628 25×10-6 
Halite  12×10-4 
Fluorite 0.900  













Sources: Birch and Clark, 1940a; Birch and Clark, 1940b; Sass, 1965; Horai and Simmons, 1969; Skinner, 1969; Horai, 1971; Cermak 



































Figure A.1. The specific heat capacity of rocks versus temperature – Data from: 
Kjorholt et al., 1992; Somerton, 1992; Vosteen and Schellschmidt, 2003; 





































Figure A.2. The thermal diffusivity of rocks versus temperature – Data from: 
Hanley et al., 1978; Durham and Abey, 1981b; Seipold, 1998; Dwivedi 
et al., 2008; Whittington et al., 2009; Hirono and Hamada, 2010; 













































Figure A.3.  The coefficient of volumetric thermal expansion versus temperature – 
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DESIGN SHEETS FOR HIGH STRESS AND HIGH TEMPERATURE 







































































Figure B.1. Pressure circuit and used products for the high stres  and high temperature testing device (developed for testing oil 
sand).
